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SOME PROBLEMS OF ATOMIC POWER DEVELOPMENT IN THE USSR® 


I.V. Kurchatov 


‘The principal directions taken by the development of atomic power in the USSR are nanan and some 
problems of the physics of water-moderated atomic reactors are discussed 


The power structure of the Soviet Union is very large. We possess various natural power resources. Siberia 
possesses extensive and easily accessible coal deposits and good conditions for the establishment of a network of 
very powerful hydroelectric power stations. The rich water resources there provide cheap water power and the 
open coal pits provide cheap electric and thermal power. In the next 15 to 20y ears we plan to set up a huge 
power network in the Angaro-Enisei basin with a capacity of 250 to 300 billions of kilowatt hours annually. 


However, the larger part of the population and industry of the USSR is at present concentrated on the 
plains of the European portion of the country. The cheap water power resources of this region will soon be ex- 
hausted and the mining and transportation of coal to great distances is very expensive. In addition, the rapid 
growth of our industry and agriculture require a greatly expanded production of electric and thermal power. 


Our present resources will be sufficient for the next few decades, but in the more distant future atomic 
energy may prove to be the practically inexhaustible and relatively cheap source that will insure an abundance 
of power in the European portion of the USSR. 


We shall have the problem of providing atomic power which, at least under the conditions prevailing in 
the European part of the’ Soviet Union, will be economically more advantageous than coal power. It is clear 
that only huge atomic electric power plants can provide atomic power economically. 


Therefore we plan for the very near future atomic power plants which will each produce about 400 to 600° 
thousand kilowatts in order to accumulate experience in the construction and operation of such plants as well as 
in the large-scale production and processing of fuel elements. 


The construction and operation of large plants will also enable us to determine which types of installation 
will be least harmful or dangerous to the surrounding population. Such data and the economic factors will de- 


term‘ne the type of electric power plants and the scale of atomic power production during the period from 1960 
to 1970. 


Between 1955 and 1960 the Soviet Union plans to build five experimental atomic power plants. Construc- 
tion of these plants will begin at the end of 1958; some will begin operation ia 1959 and the remainder in 1960. 


The reactors to be installed in two of the plants will use thermal and epithermal neutrons with a water 
moderator and coolant. The electric power obtained from one reactor will be 200,000 kilowatts. In conjunction 
with each reactor three turbines rated at 70,000 kilowatts will be operated by saturated steam at about 30 atmo- 
spheres pressure. 


A second type of plant will be built with reactors similar to the reactor of the first atomic power plant of 
the USSR Academy of Sciences (Professor Blokhintsev reported on this plant at the Geneva Conference). The 
thermal neutron reactors will have a graphite moderator; heat will be transfered by water and steam. Steam 
at 90 atmospheres and superheated to 480-500° will feed turbines with a combined power of 200,000 kilowatts. 


A third type of plant will use a heavy water moderated heterogeneous reactor. Heat wili be removed by 
a circulating gas. At the New York national conference in October 1955 Professor Vladimirsky reported on the 


*Lecture delivered April 25, 1956 at the British Atomic Research Center at Harwell, 
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basic characteristics of this type of reactor, which will produce steam at about 30 atmospheres pressure and at 
a temperature of about 400°C to feed turbines with a total output of 200,000 kilowatts. 


In addition to these three types of large atomic power plants we shall construct and put into operation 
during 1959 and 1960 a few experimental plants each producing 50 to 70 kilowatts of electric power. 


These include: - 

1) A thermal neutron reactor with ordinary water moderator and a turbine operating with slightly radio- 
active steam coming directly from the reactors © 

2) A heavy water homogeneous reactor with breeding of nuclear fuel by the Th™™ - U™ cycle. . 

3) A thermal neutron reactor with graphite moderator and sodium coolant; 

4) A fast neutron reactor with sodium coolant and breeding of nuclear fuel by the U™* - Pu cycle. 


Completion of this program of experimental atomic power plants will make it possible to choose the best 
types and to act discriminately with regard to many problems of reactor physics which have not yet been solved, 


We hope that our achievements will be useful to those nations which because of the state of their natural 
resources require the immediate development of atomic power. 


We shall now discuss some physical problems associated with reactors in which neutrons are slowed down 
by water. In the last few years the institute of which I am director has devoted a great deal of time to these 
problems, Water-moderated reactors have a high breeding ratio of atomic fuel as well as simple and compact 
construction. In our opinion they are likely to provide a large amount of atomic power in the very near future, 


The theory of reactors operating with thermal or fast neutrons, except water-moderated reactors in which 

_ special conditions arise because of the strong influence of epithermal neutrens on physical processes, has already 
been comparatively well worked cut, In a uranium-water lattice a comparatively large fraction of the neutrons 
can be absorbed to produce fission in the range from 0.1 to3-5 ev, i.e., above the thermal energy range and 


below the lowest resonance levels of U™*,. This fraction, depending on the lattice parameters and burn-up, can 
be as high as 80%, 


The simplest theoretical study of a reactor in which the epithermal neutrons strongly affect the process of 
multiplication was reported by Professor Feinberg to a session of the Academy of Sciences in 1955. He based his 
theory on elementary slowing-down theory, neglecting chemical bonds between the protons of the moderator; 
this assumption yielded a qualitative determination of the fundamental properties of the reactor, principally in 
connection with the large resonance peak of the Pu” cross section at 0.3 ev. 


~ So long as there is no plutonium in the reactor core the rated multiplication factor kg {s almost independent 
of the absorption of epithermal neutrons, However, with large uranium burn-up resulting in the accumulation of 
a considerable quantity of plutonium it is important to allow for the epithermal neutrons. Despite the decrease 


of 7 of plutonium in the 0.3 ev resonance, the increase in the proportion of epithermal neutrons results in an 
increase of kg. 


Let us consider, for example, two lattices with 50 mm spacing and lumps of enriched uranium and a mix- 
ture of and 


TABLE 1 As can be seen from Table 1 the capture 


ee of neutrons in the epithermal region is very im- 
portant for the attainment of large bumn-up of 
uranium in a water-moderated reactor. 


Composition of lump Neglecting | Allowing for 


epithermal epithermal 
; neutrons neutrons : For plutonium the value of in the epi- 
0.9% U®5-99,1% U2 1.079 1.047 thermal region, and especially near its lower 
0.73% Pu2® i 99.27% U2 1.079 1.272 limit, is strongly dependent on the energy; it 

is thus important to know the neutron spectrum 
and, above all, to determine to what extent the 
elementary theory corresponds to reality. 


For an exact calculation of the neutron spectrum formation in the region which is of interest to us, it is first 
necessary to study the mechanism of neutron collisions with protons which are chemicaily bound in water mole- 
cules, Theoretical work by Drozdov and Goryunov has established the dependence of the elastic and inelastic 
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neutron scattering cross sections for molecules of hydrogen and water on neutron energy below 0.5 ev. It was 
assumed that the neutrons are scattered by free molecules of hydrogen and water, The rotational and vibrational 


levels of the molecules were taken into consideration. Fig. 1 presents some of these results. The experimental 
curves are given for comparison, 
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Fig. 2. Pu™ and cross sections in a subcritical 
0 4 uranium -water lattice, 1) Triangular subcritical 
I uranium -water lattice consisting of natural uranium 
_ lumps of 35 mm diameter with spacing a. The size 


of the subcritical lattice is much greater than the 
neutron migration length, therefore the neutron 


Fig. 1. Comparison of experimental and calculated 
values of the total neutron scattering cross section 
in bound hydrogen, 1) Experimental curve for 
molecular hyarogen; 2) cxperimental curve for 
water; 3) calculated values obtained by Goryunov. 


Another method of checking the elementary 
theory is the experimental determination of the most 
important features of the processes which occur in 
the epithermal region and a comparison with calcul- 
ated values, 


spectrum is determined at points that are distant 
from the boundary; 2) nickel disk with film of 
3) paper disk for determining background; 
4) nickel disk with film of U™*; 5) copper disks 
for shielding from fission fragments; 6) paper disks 


' for collection of fission fragments; 7) theoretical 


curve; 8) experimental points obtained by Stolyarov, 
Nikolsky, Katkov and Antsiferov. 


Stollyarov Nikolsky, Katkov and Antsiferov have irradiated targets consisting of thin films of Pu®® and 
u*> deposited on a thin nickel backing, The targets were placed inside slots in the lumps of a subcritical 
uranium-water lattice (Fig. 2). From the activity of fission fragments collected on paper disks the ratio of 
the Pu and U®® cross sections was determined as a function of the hardness ‘of the neutron spectrum in the 
lattice, In Fig. 2 these experimental results are com pared with Feinberg's theoretical curve. Of course, these 
results cannot be considered to be a proof of the ability of the elementary slowing-down theory to explain the 
nature of the phenomenon, but they do show that this scheme can be used to estimate the burn-up of uranium 


in a water-moderated reactor. 


Measurements performed by Barkov and Mukhin to determine the slowing -down length of neutrons from 
the energy of the first indium resonance down to thermal energies show that chemical binding has only a small 


effect on the slowing-down of neutrons, 


Komissarov, Tarabanko ard Katkov from the formation of U®® determined experimentally the breeding 
ratio of Pu” for the initial instant of reactor operation, i.e., when there is still no Pu*® in the core, The ex- 
perimental and calculated values of the breeding ratio as a function of the lattice spacing are shown in Fig. 3. 
The agreement can be considered satisfactory in this case also. 


On the basis of the foregoing considerations Feinberg, Levin, Osmachkin, Novikov and Saulyey carried out 
a series of calculations of uranium burn-up in uranium-water lattices using the electronic calculator of Academ- 
ician Lebedev. For these calculations they used the nuclear constants obtained by Mostov, Pevzner and their 
collaborators with a mechanical selector and by Spivak, Erozolimsky, Kutikov and others with a graphite prism. 


4 


It is very {important in such calculations to allow correctly for neutron absorption in the accumulated Pu*®; The 
results of the calculations depend consideratly on the values chosen for the nuclear constants and on the assump- 
tions made regarding the spectrum of the absorbed neutrons. 


In connection with the possibilities for U>* 
burn-up great interest attaches to the recirculation 
of nuclear fuel, i.e., to successive runs of burning- 
up in the uranium-water lattice. There is ground | 
for believing that by the use of circulating nuclear 
fuel in uranium-water lattices a very high degree _ 
of utilization of U™ can be attained. If we keep 
in mind the inevitable considerable lcsses of nuclear 
fuel during the chemical and metallurgical pro- 
cessing we must conclude that the possibilities for 
a uranium-water lattice are similar to those for 
fast-neutror. breeding reactors. More accurate values 
of the constants, a more detailed study of slowing- 
down processes and, above all, further knowledge 
conceming the operation of water-moderated re- 
actors with large accumulations of Pu®® will make 
it possible to arrive at reliable conclusions regarding 
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Fig. 3. Breeding ratio (BR) of nuclear fuel in a sub- 
critical uranium-water lattice. 1) Paper disk for 
collection of fission fragments; 2) uranium disk for 
subsequent measurement of B-activity of u**; 3) 
paper disks for shielding from fission fragments; 4) 


§ 


" paper disk for determining background; 5) experi- ae 

4 mental points obtained by Tarabanko,, Komissarov In connection with the possibility of achieving 
i. and Katkov; 6) theoretical curve. large uranium burn-up (even in one run) groat prac- 
a tical importance attaches to the task of producing 
. a fuel element which can operate for long periods while being irradiated, 


We consider baked uranium dioxide, which is stable under irradiation and does not dissolve in hot water, 
to be an excellent material for use in the lumps of a uranium-water lattice. Our prolonged experimentation 
with the RFT reactor showed that lumps of uranium oxide even when their cladding is not hermetically sealed 
function satisfactorily; there is no contamination of the loop by fission products, and the small activity due to 

i gaseous fission products disappears soon after stoppage of the reactor. 


‘ Utilization of the dioxide results in an appreciable diminution of the breeding ratio in a uranium-water 
= lattice. Therefore we have not ceased to work towards the production of stable lumps of metallic uranium. 


\§ After a number of failures a group of Soviet scientists have succeeded in working out the technology of manu- 
: facturing good uranium metal lumps. With burn-up of 3 kg per ton of uranium no change of shape is observed 
| in these lumps; therefore it will be quite possible in the future to plan to use metallic uranium in uranium- 
water lattices, 
e : In conclusion I would like to discuss the use of ordinary water in a system employing thorium as fuel. 


The problem of breeding U*™ from thorium in thermal neutron heavy -water-moderated reactors and in 
fast neutron reactors has frequently been discussed by Feinberg, Kunegin and Nemirovsky, who are members of 
the Institute; their researches showed that through the use of ordinary water as moderator in a Th™? - U** sys- 
tem it is possible to achieve a breeding ratio close to 1.2 and thus attain complete burn-up of the thorium. 


es This type of reactor would consist of a core of laminar elements containing U*™ and a breeding zone 
surrounding the core and containing lumps of Th or ThO,. The moderator would be ordinary water at 300°C 
and about 100 atmospheres pressure flowing betweer the laminar fuel elements whose heat charge would be 
very hign. 


An estimate of the possibilities for such a system can be obtained by calculating the breeding ratio for 
different ratios of the quantities of water, U?* and construction materials. For the latter aluminum, zirconium, 
stainless steel etc. were considered. An important property of a thorium system is the fact that 7 for U™ fs 
practically constant at ~2.3 in a very broad energy range. 


The breeding ratio BR of nuclear fuel can be determined from the simple formula 
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where 5 is the neutron loss {n water, construction materials and fission products. in the breeding zone and as a 
result of the formation of the tsotopes and 


& Depends strongly on the neutron spectrum {n the reactor as well as on the burn-up of nuclear fuel in 
one run, 


TABLE 2 


1 as a Function of Neutron Energy for Ue 


Neutron energy range ; n Neutron source 
Thermal 2.28 + 0.02 Spectral rarges isolated by filters 
0,15 - 0.5 ev 2.28 + 0.09 ¥ 
0.4 - 3 ev 2.24 + 0.05 
0.6 - 6 ev 2.24 + 0.05 
2.5 -25ev 2.28 + 0.05 
8 - 130 ev 2.28 + 0,05 
30 kev 2.25 + 0.07 Photoneutrons 

140 kev 2.43 + 0.12 cater 

250 kev 2.45 + 0.12 tte, 

900 kev 2.60 + 0.12 se es 


*Data obtained from Spivak, Erozolimsky, Dorofeev, Lavrenchik, Kutikov and Dobrynin, 


TABLE 3 


n as a Function of Neutron Energy for US 


Neutron energy range n Neutron source 

Thermal ; 2.06 0.02 Spectral ranges isolated by filters 
0.15 - 0.5 ev . 2.06 + 0.06 8 . 

0.4 -3ev 1.604 0.04 

0.6°- 6 ev 1,50 0.04 

2.5 - 25 ev 1.52 0.04 = 

8 - 130 ev 1.48 + 0.04 

300 kev 1.86 + 0.04 Photoneutrons 

140 kev 2.12 0.10 

250 kev 2.214 0.15 
900 kev 2.28 + 0.08 


*Data obtained from Spivak, Erozolimsky, Dorofeev, Lavrenchik, Kutikov and Dobrynin, 


Neutron losses in water and construction materiais diminish cs the amount of water and construction inat- 
erials in the lattice is reduced. When a changes from 20 to 1 the neutron losses become quite small, The spec- 
trum of neutron absorption in the core is quite hard evenat a=20( the thermal region amounts to only a few per 
cent of all neutrons absorbed in the lattice) and at a =5 it approximates the spectrum of a fast neutron reactor 
(Fig. 4). For such values of a nm poisoning is considerably smatiler than in thermal neutron reactors. 


A considerable contribution to the size of 5 can come from the absorption of neutrons with the formation 
cf U4, y®5 and u2*, For 30% burn-up the amount of u™ accumulated in one run 1s about 3%, The amount of 
u*** accumulated per run is ~0,5%, Since the resonance integral of U*™ is probably at least 5 times smaller 
than the resonance integral of U**’, the contribution to & from the latter does not exceed C.005, After many 
successive runs for the purpose of consuming the U*"* larger quantities of other uranium isotopes will be accumu- 
lated, If we consider a stationary state of the system attained after a considerable period of time and take n= 1.5 
( Table 3) for U?** in the epicadmium neutron spectrum, & does not exceed 0.2. It can be reduced by separating 
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u** from the mixture of uranium fsotopes, This 
method fs technologically and economically ad- 
vantageous for the additional reason that the quan- 
tity of reprocessable uranium obtained by isotope 
separation is comparatively small, 


Thus the breeding ratio for the U**- Th™* 
cycle in a reactor using a considerable fraction of 
epithermal neutrons can reach values from 1.10 to 
1,20 with 30% bum-up in cne run. 


Neutron absorption 


(arbitrary scale) 


\ For economically profitable nuclear power 
lass y' at we require in addition to a high breeding ratio a 
. high specific thermal capacity ( per unit weight of 
?Mev lonev Iney Wey Wev lev aley nuclear fuel), By the use of an ordinary water mod- 
232 | 283 erator it is possible to achieve a volumetric heat 
th pe senccttietiie an release rate in the core of from 1090 to 2000 kw/liter 
hydrogen and uranium atoms, a) Relative concen- while the heat release rate of the nuclear fuel is 


tration of hydrogen and U™® atoms. 2000 - 5000 kw/kg. 


These heat release rates are also character- 
istic of fast neutron reactor cores, but one advantage can be pointed out for the type of reactor which we have 
considered, The nuclear fuel tn it can be “diluted” with a considerable quantity of construction materials such 
as aluminum with practically no reduction of the breeding ratio; this simplifies the task of constructing long- 
lasting fuel elements, It, must also be mentioned that thorium behaves much better in the reactor than does ~ 
uranium, Even when a large amount of U** was accumulated in thorium we observed no instance in which 
thorium lumps went out of order nor any of the changes which are well-known in the case of uranium. 


In England you are proceeding very cautiously with respect to water systems; partially for this reason 
our research in this area seems to be painted in brighter colors than experimental caution would require. As a 
supplement to this report I have the pleasure of submitting more detailed data® and I await your comments, 


* Editor's Note: The author refers to articles in this issue, except for articles by D.L. Blokhintsev and V.V. 
Viadimirsky, which appeared in Issue No. 1, 
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ON THE NUMBER OF NEUTRONS EMITTED BY Pu*°°ON FISSION BY THERMAL 
AND SUPERTHERMAL NEUTRONS® 


V.1. Kalashnikova, V.I. Lebedev, L.A, Mikaelian, and M.I, Pevzner 


The average number of neutrons emitted on fission of Pu™ 
by thermal and superthermal neutrons ( Ew from 0.15 to 0.5 
ev) is measured, 


The fast neutrons that arise on the fission of heavy nuclei are emitted, as is well known, from the fission 
fragments, and therefore the average number of neutrons, y, emitted in one event should be determined both 
by the excitation energy of the fragments and their mass distribution. The excitation energy of the fragments 
is to some extent dependent on the excitation energy of the nucleus that undergoes fission, although it {fs clear 
that small variations of the latter ( of the order of the separation of the energy levels) should not lead to vari- 
ations in the magnitude of vy. Neighboring energy levels of the intermediate nucleus may, however, have dif- 
ferent spins, and possible different mass distributions for the decay products, This situation could lead to a new 
distribution of excitation energy for the fragments, and thus cause a variation in v [1]. In connection with this, 
it is interesting to compare the values of the quantities v for various levels of the splitting nucleus. 


Indirect data as to the behavior of v in the rescnance region can be obtained by comparing the results of 
experiments on the capture cross section, the cross section for splitting, and the average number of neutrohs 
emitted in one capture event, — Vef¢. Such a comparison, carried out for u**, u** and Pu” on the basis of 
several works [2-4], does not contradict the usually accepted assumption of the constancy of the quantity v in 
the region of low energy for the neutrons causing the fission. In reference [5], however, a discrepancy was found 
between the calculated value of Vere for Pu and the directly measured value of Veff. 


Recently there have appeared several communications in the literature referring to works whose goal was 
direct observation of the change in v on fission of U** [6] and Pu” [6-8] by neutrons with energies from 0.01 
to 0.5 ev. 


As for U5, in the region in which the experiments were performed, no variation in v was observed. The 
measurements made on Pu®® gave contradictory results. In references [6] and [7], no variation in v was ob- 


served, but in reference [8], it was found that on going from thermal neutrons to neutrons with energies of 0.3 ev, 
v decreases by 12%, 


In connection with this, we consider it worthwhile to publish the data that we have obtained on this ques- 
We performed a relative measurement of the value of v for fission of Pu™ by thermal neutrons and neu- 


trons witli energies in the interval from 0.15 to 0.5 ev. There is a strong resonance level in Pu*™ at 0.3 ev, and 


the cross section in the thermal region fs to a large extent determined by a resonance level for negative encrgy 
values, 


The work was carried out on the neutron beam leaving the reflector of the reactor RFT, The energy in- 
tervals were separated with the aid of gadolinium and cadmium filters. The thickness of the filters was chosen 
©The results of this work were presented fi: discusstons at the Geneva Conference on the Peaceful Uses of 
Atomic Energy in August, 1955, 
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so that the lowest effective energy limits of the 
3 2 i neuuons should be, respectively, 9.15 end 0.5 ev. 


' Thus the resonance level at 0.3 ev was essentially 
4s 


4. included between these two _— absorbing 


Figure — 1) Chamber; 2) BFs counters; 3) we 
4) reactor shielding; 5) filter. 


A fission chamber with a thin layer of Pu™ 
_was inserted into the neutron beam. The neutron 
detector was composed of BF, proportional counters 
surrounded by paraffin. A schematicdiagram of the 
set-up is shown in the figure. 


The pulses from the neutron detector were connected in coincidence with the fission chamber pulses. The 
ratio of the number of coincidences of fast neutr ‘ns with fission fragments to the number of fission events is 
given by the quantity vwn , where w7 is a coefficient determined by the apparatus ( 9 is the effectiveness of the 
neutron detector, and w is the solid angle). A more detailed description of the method and the apparatus used 
is presented in reference [9]. 


The measurement of the quantity vwn was performed in the free neutron beam and in the beam after it 


had passed through the gadolinium or the cadmium filter. It turned out that the quantity ywn remains constant 
to within 1%, 


The results of the measurements are presented in the table, 


TABLE 


Effective neu- |Number of | Number of 
tron energy’ | fission frag- | coinciden- 
interval, in ev | ments ces 


Filter 


- 0.025 231584 46132 - 0.13914 0.0008 
Gd (0.08 g /cm*) > 0.15 335616 46828 0.1395 + 9.0009 
Cd (0.86 g /cm*) > 0.5 80320 11272 0.140 + 0.002 


On the basis of these rest Its we may conclude that the quantity y is the same for the two resonance 
levels of Pu (at 0.3 ev and in the negative energy region). In order to evaluate the accuracy of this asser- 
tion, however, we must take account of the fact that in the whole regior of energy investigated the fission fs 
caused by both resonance levels ( we may neglect the effect of the 7.4 ev resonance level). If we assume that 
there is no interference between the levels, then the final result may be evaluated as good to within 2%, 


LITERATURE CITED 


{1} A. Bohr, Collective motion in atomic nuclei'{ Report No. 911 presented by Denmark at the Interna- 
tional Conference on the Peaceful Uses of Atomic Energy, 1955). 


(2] S.Ya.Nikitin, S.1, Sukhoruchkin, K.G, Ignatyev and N.D. Galanina, Session of the Acad. Sci, USSR 
on the Peaceful Uses of Atomic Energy, July 1-5, 1955 ( Div. Phys.-Math. Sci.), p. 87. 


{3] B.G. Erozolimsky, P.E. Spivak, G.A. Dorofeev, and V.N. Lavrenchik, Session of the Acad. Sci. USSR 
on the Peaceful Uses of Atomic Energy, July 1-5, 1955 ( Div. Phys.-Math.Sci.), p. 397, 


[4] VF. Gerasimov, V.S. Zenkevich, and V.I. Mostovoi, Session of the Acad. Sci. USSR on the Peaceful 
Uses of Atomic Energy, July 1-5, 1955 (data presented by V.S. Fursov). 


[5] H. Palevsky et al.,"Measurement of capture to fission ratio of U™*, U7® and Pu™ by a new method* 


( Report No, 587 presented by the USA at the International Conference on the Peaceful Uses of Atomic Energy, 
2955). 


{6} B.R Leonard, Jr., Seppi and W.J. Friessen, Bull. of Am. Phys. Soc., 1,1;A2 (1956). 


. 
292 


{7} J-M. Anclair, H.H, Landon and M. Jacob, Compt, rend, 241, 1935 ( 1955). 
(8) R.L. Zimmerman, H. Palevsky and D.J. Hughes, Bull, Am. Phys. Soc, 1, 1, AJ (1956). 


Kalashnfkova, V.P. Zakharova, A.V. Krasnushkin, V.1. Lebedev, and M.1. Pevaner, Session of the 
Acad, Sci, USSR on the Peaceful Uses of Atomic Energy, July 1-5, 1955 ( Div. Phys.-Math, Scf.), p. 161, 


- 
i 
4 
+f 
— 


DETERMINATION OF THE AVERAGE NUMBER OF NEUTRONS Veff EMITTED 
IN A. SINGLE CAPTURE EVENT BY THE ISOTOPES U®?’, u®*® AND pu??? 
IN THE SUPERTHERMAL REGION OF NEUTRON ENERGIES _ 


P.E. Spivak, B.G. Erozolimsky, G.A. Dorofeev, V.N. Lavrenchik, 
I.E. Kutikov and Yu.P. Dobrynin 


The variation of vesf for the isotopes U*** and 

is measured in the superthermal region of neutron energies, 
For U** ver remains constant up to an energy of the order 
of 100 ev. For Pu vere drops by 12% on going from the 
thermal spectrum to the spectrum of energies from 0.15 

to 0.5 ev, and then remains constant. For U?** ver¢ remains 
constant on going from the thermal spectrum to the spec- ~ 
trum of energies from 0.15 to 0.5 ev, and then drops by 
18% on going to the spectrum of energies from 8 to 130 ev, 


INTRODUCTION 


, One of the basic parameters of a nuclear chain reaction which is of use in reactor calculations is the 
average number of secondary neutrons that are emitted by the splitting nucleus in one capture event, 


Veff =U oe where v is the average number of secondary neutrons emitted per fission event, and of and og are 
the effective cross sections for fission and absorption,respectively, 


The values of Vers that have been obtained for the isotopes U***; U®** and Pu®® in several experiments 
[1-3] indicate that a chain reaction is possible in any one of these three isotopes. — 


For extensive breeding of “nuclear fuel" the value of ver must be greater than cwo, In the thermal neu- 
tron region this condition is realized for the thorium cycle ( for the isotope Vere — 2 = 0.28). For the plu- 
tonium cycle the difference veff — 2 is close to zero. 


In order to solve the problem of extensive breeding, it is imperative to know the values of vert for fission- 
able isotopes in other neutron energy regions. 


In the present article we give a description of the measurement of the variation of vegf for the isotopes 
u*?, y** and Pu®™ for intermediate neutron energies from the thermal region to 100 ev. The various results 
of these investigations were stated briefly by the authors in references [4] and [5). 


Here we give a complete account of the data concerning the measurement of Uggs in the superthermai 
region of neutron energies which was performed on the reactor RFT [6] by P.E. Spivak, B.G. Erozolimsky,, G.A. 
Dorofeev, and V.N. Lavrenchik, and of the additions to this work on the measurement of Uggs in the neutron 
energy region from 0.35 to 0.5 ev which were performed by B.G. Erozolimsky, LE, Kutikov, and YuP. Dobrynin 
on the reactor VVR (7) ( water-water reactor). 
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The measurement method 

A diagram of the measuring apparatus is presented in Fig. 1, The neutron beam from the reactor passes 
through a filter of gadolinium, cadmium, or boron, which establishes the neutron spectrum, then through an 
inlet collimator, and enters the cavity of a graphite prism, Outside the cavity and evenly spaced throughout 
the volume of the prism, are located boron neutron counters, which comprise the indicating system, 


‘In the center of the prism is a sample of the fisstonable isotope. In this set-up the number of neutrons 
recorded Varies both because of absorption of neutrons by the sample and because of neutrons resulting from’ 
fission. This variation in, the indicating system can be expressed in the following ways 


AN, =~ FE ayky + 


where F is the total neutron flux passing through the sample, Lay is the macroscopic cross section for neutron 
absorption per square centimeter of the sample, averaged over the whole spectrum of the neutron beam, k, fs 
the indicator efficiency for the primary spectrum of the neutron beam, and k, {s the indicator efficiency for 
the fission neutron spectrum, 


In order to eliminate the determiration of 


eo Ay the absolute values of the neutron flux F and the 
4 the inpets of total cross section Lay from the measurements, a 
second measurement was performed with the same 
sample surrounded with a spherical boron-paraffin | 
peperopers filter. The dimensions of the filter are chosen so 
that the primary neutron spectrum is completely 
oad absorbed, In this case variation ia the counting 
rate of the indicator AN, will be caused only by 
Es the neutrons resulting from fission 


= FLayksYeff. (2) 


where F and £2, have the same meaning as in 
Equation (1), and ks is the indicator efficiency for 
the fission neutron spectrum in the presence of the 


Fig. 1. Schematic cross section of the measuring 
apparatus, 1) Shielding of the pile; 2) first col- 
limator; 3) second collimator; 4) the sample 


being studied in the center of the cavity; 5) pro- —— 

porticnal counters ( BFs); 6) filver and adapter; Comparing expressions (1) and (2), we ob- 
7) monitoring fission chamber with a layer of tain 

u™>; 8) shielding ( parafin with boron); 9) k 1 

shielding for the front wall of the prism ( para- Veff = + ———_- (3) 

fin with baron); 10) insert, retractable for * 1 = x 

changing the sample; 11) boron-parafin fil- Me 

ter, inserted for the second measurement, where X is the ratio of AN, to AN». 


As will be shown below, the ratio of the coefficients ky and k, is easy to determine with sufficient accuracy 
with the aid of simple measurements. It is not difficult to see that the direct determination of the ratio of the 
coefficients k, and k, would necessitate measuring the magnitudes of the neutron flux for the primary spectrum 
and the fission spectrum, 


We may limit ourselves to the relative variation of the coefficient k, and thus obtain the relative varia- 
tion of vesf. In order to obtain the absolute value of veff, we can normalize the variation to a known value of 


Vesg Measured for thermal neutrons, The ratio of vgg¢ for the observed spectrum to Vers for thermal neutrons 
will be of the form 


(4) 


where quantities with the index 0 are the values obtained from measurements on thermal neutrons, 


It should be noted that in the derivation of expression (4) it is assumed that there are no effects from the 
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scattering of neutrons by the sample, that the magnitude of the flux F incident on the sample remains the same 
in measurements with the boron -paraffin filter AN, and without it AN,, and that the primary neutron spectrum 
is entirely absorbed in the measirements with the boron-paraffin filter. 


Relation (4) will be valid, and the value of vers measured by this method will contain no systematic 
errors, only if the above conditions are strictly satisfied. Since the measurements of the effects AN, and AN, — 
are performed on the same sample, the necessity of knowing the value of Lay is avoided, and it becomes pos- __ 
sible to use samples thick enough for practical measurement, since the effect of self-absorption by the sample — 


cancels out of the expression for X = = In this it is assumed that the primary neutron spectrum fs not sig- 
nificantly altered by blocking of the neutrons at resonance energies. 


Thus the problem of measuring U,rp reduces simply to the measurement of the relative values roe = 
and 


Apparatus and control experiments. 


1, The graphite prism was 190 x 190 x 190 cm’, and its cavity was 50 x 50 x 50 cm*, The group of beroa 
counters that are located at distances from 50 to 60 cm from the boundary of the cavity comprise the indicator 
system, whose efficiency depends little on the neutron energy. As will be shown later, this property of the sen- 
sitivity of the indicating system makes for the best conditions for obtaining accurate results of measurement 
for Urs. The large dimensions of the cavity were chosen so as to minimize the effect of interaction of the 
sample with the neutrons moving in the opposite direction, which arise as a result of slowing down the neutrons 
of the initial spectrum in the graphite. . 


In order to reduce the effect of these return neutrons, in all the measurements in the omaha regions 
the specimens on which the measureinents were being performed were surrounded by a cadmium facket. 


The magnitude of the return effect was determined by a special control experiment. Instead of the sam- 
ple, an ionization chamber with a u** layer covered with cadmium was placed in the cavity. The insert at 
the rear wall of the prism was then removed, allowing the beam to pass freely through the prism. It was shown 


that the fission fragment count for the hardest spectrum changed within the limits of + 1% when the insert was 
removed and replaced, 


The indicating system made up of the counters equally distributed in the graphite prism was insensitive 
to the effects of neutron scattering by the sample. The independence of the indicator sensitivity from the di- 
rection of motion of the neutrons in the cavity was verified with the aid of a thick graphite sample with a large 


scattering cross section( 1.5 g /cm* of graphite). It was shown that the effect of neutron scattering by such a 
sample is no greater than 0.1%, 


The boron -paraffin filter was in the form of a sphere of 26 cm diameter, filled with paraffin and boron, 


with an internal cavity diameter of 6 cm for mounting the sample and an opening for admitting the neutron 
beam. 


As was shown by experiment, the wail thickness of the spherical filter (10 cm) wes sufficient for practic- 
ally complete absorption of the neutrens passing through the opening into the spherical cavity of the filter. In 
order to verify this, a thick sample of boron (1.5 g /cm? of boron), whose absorption coefficient is known to 
be several times that of any of the samples of uranium and plutonium used, was placed into the spherical filter, 
Careful measurement showed that insertion of this sample into the cavity cf the filter in the path of the beam 
leads to no changes in the counting rate of the indicator system greater than + 0.05%, 


2. The dimensions and shape of the neutron beam in the prism cavity were established by the following 
collimating procedure: a boron carbide plug 25 cm long with a central opening of diameter 25 mm wes placed 
in the exit channel of the reactor; further along the axis cf the beam in the front wall of the prism was placed 
an entry collimator, made of a boron carbide cylinder whose diameter was 10 cm and whose length was €0 cm 
and having a central channel of 8 mm diameter, 


The dimensions of the beam in the center of the cavity depend to some extent on the neutron energy, 
since the effective length of the entry collimaior differs for different neutron energies. For thermal neutrons 


| 
4 

| 

| 
: 
= 
; 

- 

297 


the collimating set-up creates a beam diameter no larger than 15 mm at the center of the cavity. For faster 


neutrons the collimation is somewhat poorer, Up to energies of the order of 100 ev, however, the beam dia- . 
meter is no larger than 18-20 mm, . 


The small beam cross section and, correspondingly, those of the samples were chosen so as to secure 
sufficiently great values for the AN/N effect for a Hmited amount of matter. In addition, reduction of the area 
of the sample and the cross section of the beam leads to decrease both in the return effect, and in the leakage 
of neutrons through the opening in the boron-paraffin filter and the collimator, The beam cross section, however, 

_ may not be too small, since then the hard to avoid external background and the background due to neutrons 
scattered in the entry channel significantly reduce the relative effect AN/N. 


As has already t been demonstrated, it is very important that the neutron flux F be the same for the meas- 
urements both with and without the boron-paraffinfilter, For this reason the diameter of the samples and the 
entry channel of the boron-paraffinfilter were chosen somewhat larger than the dimensions of the beam (22 mm), 


That the flux remained the same was verified by two control experiments, 


An aluminum sample of 22 mm diameter was placed in the position of the fissionable sample and was ac- 


tivated with and without theboron-paraffin filter by thermal ieutrons and by neutrons that have passed through 
cadmium, in which the neutron fluxes were sufficient for activation. 


As a result of these measurements, it was established that the activities were the same in both cases 
within the limits of + 1%. 


The second experiment was performed with the aid of a group of boron counters surrounded by boron-paraf- 
fin shielding. These counters recorded only the fission neutron spectrum, and were not sensitive to the super- 
thermal neutrons. The counters were placed in a corner of the cavity. Then the relative effects from a fission 
able sample were measured with and without the . filter and with various filters forming the neutron. 
spectrum. In this the ratio of the counts in both measurements remained constant within the limits of + 1%, 


S. The isotopes were investigated in the form of powdered oxides which were poured into aluminum boxes 
and compressed into small 22mm diameter tablets. A large amount of oxygen in the samples causes the neu- 
trons to be slowed down, which can alter the results of measurement of Veff due to the capture of slow neutrons 
by the cadmium jacket. In order to determine the possible error, the fissionable sample was replaced by a 
graphite one, whose thickness was 1.6 g /cm®*, and measurements were taken with and without the cadmium 
jacket. A correction was introduced on the basis of the results of this experiment for the slowing down of the 
neutrons by the oxyyen, and this correction was no larger than 1% of the total effect. 


The choice of thickness for the samples is es- 
tablished by the magnitude of the relative effect 
AN/N that can be measured with sufficient accuracy. 
Even for samples of considerable thickness(2g /cm’), 
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Fig. 2. Block diagram of the counting circuit, 

C) Boron counters; K) cathode repeaters; 

Y) fission chamber with a layer of u*; 1,23, 

4, and 5) amplification channels; 6,7,8,9, and 
10) diode discriminators; 11,12; Schmidt cas- 
cade circuits; 13,14) scalers; 15,16) electro- 

mechanical counters (1: 16,000). 


however, the relative effect AN/N for measurements 
in the fast neutron spectrum was merely 5%, 


4. In order to measure AN with an error of 
+ 2%, it is necessary that the neutron count recorded 
by indicating system be taken with an error no 
greater than+ 0.1% 


The magnitude of the neutron flux incident 
on the sample was 5x 10° cm~* sec~* for the hard- 
est spectrum, 


For an indicating system efficiency of about 
2% the necessary statistical accuracy of measure- 
ment was achieved in a relatively short time as a 
result of a few series of measurements, 


Stability of the counting circuit was achieved 
by the use of negative feed-back in the amplifiers 
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and by supplying it from stabilized sources. In order to account for the instability of the reactor power, and cor-_ 
respondingly of the neutron flux, an fonization chamber with a layer of U*"* placed in the beam was used as a 


monitor, 


A block diagram of the counting circuit ts presented in Fig. 2. Pulses from twelve cathode repeaters con- 
nected directly to the boron counters entered four amplification channels, Each of the amplification channels 
had an amplificatton factor of 10° with quadruple negative feed-back, embracing all three cascades. After 
cut-off by diode discriminators that follow the amplifters, the pulses entered a common shaping cascade circuit, 
after which they entered a scaling circuit with a resolving time of 0.2 psec, The total scaling factor was ~~ 000. 
The total resolving time of the whole counting circuit was 1 psec; this made it possible to count up to 10‘ pul- 


ses per second without noticeable omissions, 


Nevt ron beam % 
L. 


Fig. 3. Construction of the proportional counter 
and its position relative to the neutron beam. 

1) Target; 2) aluminum cover with openings 
covered with mica (1.2 mg/cm’); 3) casing 
of the counter; 4) cathode of the counter; 5) 
anode of the counter (a sphere of diameter 0.16 
cm); 6) grid covered by a thin collodion film; 
1) copper tube for connection to a gas ballast 
volume (90% argon and 10% methylal at a 
pressure of 30 mm Hg); 8) insulation; 


Measurement of the constants of the 
apparatus. 

1, In order to determine the ratio of the 
sensitivity k, of the indicating system for neutrons 
of a given spectrum to the value of this same con- 
stant for thermal neutrons k§, a proportional counter 
with a thin mica window was placed into the cavity 
of the prism; on this counter was placed a target 


‘ covered by a thin layer of lithium fluoride (98% Li‘) 


in such a way that it was in the same place as is 
ordinarily occupied by the fissionable sample. First 
the number of fission evexts induced by 
the neutrons of the given spectrum was measured, 
Then a boron or lithium absorber was placed at the 
same point, and the decrease in the count AN was 
measured. The ratio of the effects was of the form 


AN 1 Zabsorber 
Nui 6 Slayer 


where k, is the coefficient that we are looking for. 


Since B (the counting efficiency of the pro- 
portional counter) does not depend on the neutron 
energy, and the absorption cross section for the thin 
lithium layer ( £ layer) and for the absorber ( 2 ab- 
sorber) depend in the same way on the neutron 


energy, ' we can find the variation of ky by measuring the ratio AN/NLj in various spectra. 


In determining the variation of k by the above method, it was necessary, in order to secure caneiisiite 
effects, to use thick absorbers, Therefore the effect of self-absorption in the thick absorber, which varies with 
the energy, leads to an errorin § measuring the variation of k,. 


In order to determine the correction in the variation of k, due to the effect of self-absorption, it hecame 
necessary to measure the dependence of AN on the target thickness for each spectrum, The weight of the target 
was chosen so that the effect of self-absorption should be approximately 15%, and the change in this effect on 
going over from one spectrum to another should be no greater than 2-3%, 


In order to exclude possible errors due to the presence in the samples of impurities whose cross section 
differs from the I/v law (rare earths, cadmium), measurements of AN-were performed both on boron and lithium. 
The results of these measurements turned out to be the same, 


It should be noted that the coefficient ky, which enters into expression ( 4), characterizes the sensitivity of 
the indicating system to the absorption of neutrons by the fissionable samples, for which the dependence of the 
absorption cross section does not coincide with the corresponding variation for boron and lithium, It is therefore 
very important that the dependence of the indicator sensitivity k, on neutron energy not vary too sharply, In 


this case the correction to the value of ky measured for boron and lithium is insignificant. 
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Measurements showed that the value of ky increased by 1% on going from thermal neutrons to those that 
have passed through cadmium, and by 2% for those that passed — alg /cm*® thick boron filter; f.e., in 
this neutron energy interval, it is nearly constant, 


2. It turned out to be impossible, however, to measure Veff with sufficient accuracy in this prism through- 
out the whole neutron energy interval, because on going to harder spectra the background ratio became worse 
and the counting rate of the indicating system decreased, 


Therefore the measurement of the variation of veff from the thermal neutron spectrum to the spectrum of 
neutrons that have passed through the cadmium was performed with the afd of the prism described above, but 
the measurement of the rest of the variation of veff, into the more energetic spectrum, was performed with the 
aid of a smaller prism of dimensions 90 x 90 x 90 cm’ with a cavity 30 x 30 x 20 cm®. The variation of ky 
measured with this prism is characterized by a sharp drop ( Table 1) on going from thermal neutrons ( 0.025 ev) . 
to those that have passed through cadmium ( >0.4 ev), whereas the change in k, on going from these latter 
neutrons to those that have passed through a 4g /cm? boron filter is only 14%, that is, depends weakly on the 
energy. 


TABLE 1. 


The Results of Measutements on the Variation of k, in the Small Prism 


Free beam 1g /cm*Cd filter | _ B,C filters 
(1.2 mm) 0.5 g. B 1g :/cm*B 4g. /cm*B 


0.866 + 0,009 0.82 + 0.01 0.79 + 0.01 0.72+ 0.01 


In this case the correction to the coefficient k, that accounts for the difference in the variation of the ab- 
sorption cross section of the isotopes being investigated and the variation of the absorption . cross section for 
boron and lithium is about 2% on going from the spectrum of neutrons passing through the cadmium to the spec- 
trum of those passing through the 4g /cm? boron filter, All the control experiments that were performed with 
the large prism were repeated with the small one, 


3. The decrease in the sensitivity of the indicating system to fission neutrons when the boron-paraffin 
filter is placed in the cavity ( k;/k,) was measured with the aid of a thermal neutron converter — a fissionable 
sample placed in the cavity and enclosed by a cad.nium hood. The ratio of counts in the indicating system with 


the boron-paraffinfilter to the counts without it, that is, ks/kg, turned out to be 0.31 + 0.01 for the lazge prism 
and 0.40 + 0.01 for the small one, 


The results of measurement. 

In measuring the effects AN, ANg, the role of impurities due to other isotopes in day samples being inves- 
tigated were accounted for. The Pu’ samples contained about 1.5% of the isotope Pu*”, which has a strong 
absorption resonance at 1.06 ev, and the U** samples contained about 15% of the isotope u™*, In this connection, 
when the effects AN, and AN, were measured for Pu’, in addition to the filter that shapes the neutron spectrum, 
a filter made of a similar mixture of plutonium isotopes was used to block the resonance neutrons at 1.06 ev. 


Similarly, for the U*** samples, an additional filter of U*** was used. The corrections corresponding to this were 
from 1 to 4%, 


The results of measurement of vers with all the above corrections taken into account are presented in 
Table 2. The first column indicates the material and thickness of the filters, the second gives the effective 
neutron energy interval derived by calculation, and the rest give the relative and absolute values of Vers for 


the isctopes and The absolute values of are normalized according to the value of Vers for 
thermal neutrons 


From the data presented it follows that Veff for the isotopes U*™ and U**® in the energy region of 0,1-0.5e¥ 
is ‘s the same as Veff for thermal neutrons, and for the isotope Pu?” it is 12% lower than the thermal value. In 
the intermediate neutron energy region (behind the cadmium filters) the value of Veg¢ for Pu®™ does not’ vary. 
The decrease of veff for Pu*® in the energy region of 0.1-0.5 ev seems to be connected with the relation be- 
tween the radiation and fission widths of the 0.3 ev energy level. For the isotope u*** a sharp drop in Veff is ob- 
served for the neutrons that have passed through the cadmium filters, which is probably caused by the properties ‘ 
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_ of the set of resonances lying in the region from 1 to 100 ev, For the isotope u*™, the value of veff remains 
constant throughout the investigated interval, 


TABLE 2 


Results of Measurement of Veff in the Superthermal Region of Neutron Energies, 


Conditions of Effective neu- Remarks 
measurement tron energy 
interval in ev 


1 Relative value . 
neutron 0.025 + + 2.024 0.02 | Absolute value 


Difference of the 
effects obtained 
0.15-0,6 1+0040.04 1.00+0.02 | 0,88+0.03 | Relative value 

2.28 + 0.09 2.06 + 0.06 1.79 + 0.07 Absolute value 
filter and a 0.08 
thick 
gadolinium filter 


d filt 
0.98+0.62 | 0.78+0.02 | 0.88+0.02 | Relative value 
2.2440.05 | 1.60+0.04 | 1.7940.04 | Absolute value 


0.98+0.02 | 6.73+0.02 | 0.89+0.02 | Relative value 
carbide filter 0.5 ~ = a 


g /cm® thick 2.24+0.05 | 1.50+0.04 | 1.81+0.04 | Absolute value 


1.004 0.025 | 0.704+0.02 | 0.88+0.02 | Relative value 
carbide filter 1 


Hgts 2.284+0.05 | 1.52+0.04 | 1.794+0.04 | Absolute value 
g /cm* thick 


1.00+0.025 | 0.724 0.02 Relative value 
carbide filter 2 


g /cm® thick 2,28+0.05 | 1.48+ 0.04 Absolute value 


The results presented are in good agreement with the work of S.Ya. Nikitin et al. [8], who measured the 
variation of Vers in this neutron energy region by other methods. 


The basic results of the present paper were reported at the Session of the Academy of Sciences USSR on 
the Peaceful Uses of Atomic Energy in July of 1955 [5]. In August of the same year American and English in- 
vestigators published some new data on Veff at the Geneva Conference on the Peaceful Uses of Atomic Energy. 


Our values for veff for U*** and Pu®® agree with the results of the work of Kanne et al. [9]. In Kanne's 
work, the dependence on energy of the ratio of the cross section for radiative capture to’fission cross section’: 


a= 0,/of is measured, These results make it possible to calculate corresponding values of Vers = ree . 


For the isotope U** the value of @for a neutron spectrum with an average energy of 100 ev is, according” 
to Kanne's data, 0.52 + 0.10, which corresponds to Veff= 1.64 + 0.10, According to the direct measurement of 
Veff in our work, Very = 1.48 + 0.04 for an analogous specuum.., For the isotope Pu*®, according to the American 


data for a neutren spectrum with a lower bound of 5 ev, Veff = 1.82, and according to our results for a similar 
spectrum, Vefj = 1.79 + 0.04, 


We should also mention the results of measurements by two groups in the Brookhaven and Hanford labora- 
tories [10], in which the variation of veg¢ is measured on a mechanical selector for the isotopes u**? and Pu*® 
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in the neutron encrgy region of 0.1 ev and for the isotope U®" in the region of 0.5 ev. The drop of vest which 
we discovered for Pu” behind the gadolinium filter, and the constancy of vegs for U*™ are entirely confirmed 
by this work, The average values of Veff for U>" in the energy interval of 0,1-0.5 ev are in satisfactory agree- 
ment with our data for that part of the spectrum from 0.15 to 0,5 ev. 


Values of Vere for the tsotopes U™™ and u*** have been obtained by a group of English scientists [11], 
which also agree well with our data, 


Further investigations of the dependence of veff on neutron energy in the region of several hundred kilo- 
electron volts is of some practical interest for construction of fast neutron reactors, The authors have carried 
out work on measurements of Vert for the isotopes U**, U*** and Pu’® in the neutron energy interval from 30 
kev to 1 mev, the results of which will be presented in the following article, 
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THE AVERAGE NUMBER OF NEUTRONS Vesg EMITTED BY THE ISOTOPES 
AND ON CAPTURE OF NEUTRONS WITH ENERGIES FROM 
30 TO 900 kev® 


P. E. Spivak, B. G. Erozolimsky,, G. A. Dorofeev, 
V.N. Lavrenchik, I. E. Kutikov, Yu. P. Dobrynin 


Measurements are taken on y, 6, for the isotopes U3, U5 and Pu™ for neutrons 
with energies from 30 to 900 kev. It is discovered that in this energy region veg 
increases substantially as the neutron energy increases. 


Recently several articles [1-10] devoted to the measurement of the number veff of secondary fission 
neutrons per absorbed neutron have appeared in print. 


a these works, the values of Verf are measured for the isotopes us, u* and Pu’? for slow neutrons in the 
energy region from the thermal spectrum to a few kev. 


In the present article we describe measurements of »¢¢ for the same isotopes for neutrons ir the energy . 
interval from 30 to 900 kev. . 


The determination of y ofr is of great interest for calculations of reactors without a moderator. 


Measurement of the ‘absolute values of Veff for neutron energies of 30, (140, and 
250 kev 


_1. Method of measurement 


A method for the direct measurement of the quantity veg¢ for fissionable isotopes and thermal and super- 


thermal neutrons with the aid of a graphite prism was developed in our laboratory aad described previously [1}, 
[4}, [10}. 


Further extension of this method to two indicating systems, whose efficiencies depend differently on the 


neutron energies, made possible its application to the measurements described below, which were carried out with 
the aid of photoneuton sources. 


The indicating systems consisted of two groups of BF,-counters located in the graphite prism, with a central 
cavity into which could be placed the spherical samples and neutron sources (Fig. 1). 


The group of counters that were located in the cavity had a higher sensitivity to neutrons from the source 
than to neutrons of the fission spectrum, whereas the group of counters located at distances of about 50 cm from 
the cavity boundaries had a higher sensitivity w the fission neutrons. The difference in the sensitivities of the 
two groups of counters was made greater by the introduction of cadmium rods into the prism. 


® Part of the results of this work have been communicated at discussions at the Geneva Conference on the 
Peaceful Uses of Atomic Energy in August, 1955. 


. ‘ 
. 
: 
‘ 
: 3038 


The meesuring procedure consisted of introducing a photoneutron source into the cavity and of recording 
the number of pulses in both groups of counters simultaneously. The source was then surrounded by a spherical 
sample of the Isotope being investigated, and the measurement was repeated, 


The indications of each counter group (AN' and AN® respectively) which are caused by absorption of 
primary neutrons by the sample and the creation of fission neutrons, can be written in the following way: 


AN’ = — Fk, + Fk, Lav as) 


where kj and kj’ are the indicator system efficiencies to the primary neutrcns, kg and k,” are the same 
éfficiencies to the fission neutrons, F is the total primary neutron flux passing through the sample, and £4, is 
the average absorption cross section of the sample for the primary neutrons, 


From Expressions (1) and (2) it follows that 


2 
3 


where 


N’ ke 


A 


7 


AN* 
= é 
Thus, except for the ratio X, only 


the constants for the apparatus a, 8, and y, which 
characterize the relative efficiencies of the two 
indicators to primary and fission neutrons enter 
Expression (3). 

8 

2. Neutron sources 


; In the measurements, photoneutron sources 

Fig. 1. Schematic cross section of the measuring composed of sb®% + Be, Gat 4 D,0, and Na + D,0 

gene . were used; data regarding these is presented in 

1) BFs-counters of the “outer” systern; 2) cadmium Table L 

rods; 3) BFy-counters of the “innez" system; 4) sample; 

5) gtaphite insert; 6) photoneutron source; 7) tube of Gamma emitters were obtained by the 

the mechanism for inserting the source; 8) pocket for activation of the corresponding isctopes in the 

holding the source. center of the RFT reactor. The high activity of 
the sources made it necessary to take serious 
precautionary measures in carrying out the 
experiments, 


TABLE 1 3. Measurement of the effects AN’ 


Source Half-life | Neutron] Neutron yield in and AN” 


energy | number of neutrons 
in kev _| per second The relative change of the counting rate 


AN 
Be| 60 Days} 30 go? caused by the hollow spherical sample 


Gat + D,0} 14.3 Hours} 140 0.8 107 weighing about 200 g was only a few percent. 
Na“ 4 D,0| 14.8 Hours] 250 2-10" 


= 

. . 

AN* = — Fk, + Fh, vo (2) 
| 
| 
ONY 
LT) 
| 
| 
SS 

j 
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Therefore in order to obtain the value of X with sufficient accuracy, it was necessary to achieve the possibility 
of measuring the indicating system counting rate accurately to within some hundredths of a percent, 


The stability of the counting system was achieved by the use of feedback in the amplifiers and by 
stabilized power sources. In order to obtain numerical values for the magnitude of the effects (AN’ and AN*) 
due to the sample being investigated, the indicating system counting rate before the sample was placed in the 
cavity Was averaged with the counting rate after it had been removed, and then this arithmetic average was 
subtracted from the counting rate with the sample in position. 


Each of these three successive measurements was taken for 12 minutes, with 3 minute intervals for 
inserting or removing the sample. For this method of measurement, the correction for radioactive cy of the 
source was no greater than 0.25% of the value of X. 


The fact that AN’ and AN" were measured simultaneously made it easier to use saptdly decaying sources, 


4. Measurement of the constants of the apparatus 


In order to determine the constant of the apparatus q, a photoneutron source was placed into the center of 
the cavity and the counting rate in both indicating systems was measured. The ratio of these quantities gives 


the value of the constanta = 
1 


The constant g = = was determined in a similar way. For this, the graphite prism was placed close to 
the reactor in such a way that one of its beams entered through a collimator into the cavity. In the center of 
the cavity and in the beam was placed a convertor (sample of US) used as a fission neutron source, The 
convertor was covered with a cadmium sphere with an opening for admitting the thermal neutron beam. The 
magnitude of the constant y was determined as the ratio of the counting rates of the inner indicating system 
taken first with the corresponding photoneutron source and then with the fission neutron source. The ratio of the 
output of these sources was determined in the graphite prism by a method developed earlier in our laboratory [11]. 


In Table 2 we present the values of the 
constants a, 8, y as well as X, for various 
neutron energies, On going from one neutron 
30 kev 140 kev 250 Kev energy to another, the distribution of the counters 
in the measuring apparatus was somewhat changed 
in order to secure sufficient difference in the values 


TABLE 2 


a 0,192+0.0005| | 
0.25440.001 | 0.18140,001 [0.1754-0.001 of qa ands. 
1,19 40.01 |1.26 40.01 |1.22 40.01 
40.017 | 4.42 40,04 |4.78 +0.05 
X | U5 |2.81540.015 |4.06 +0.05 14.55 +0.06 5. Control experiments and corrections 
}3,06 +0,014 | 4.40 40.05 /4.85 40.06 


a) The scattering of neutrons within the 
samples may cause additional effects which were 
not accounted for in the derivation of Expression 
(3). Errors in measurement related to elastic scattering of neutrons were determined in the following way. A 
giaphite diffusor (ng #2) was placed into the center of the cavity next to the source. The counting rates of 
the indicating systems did not change by more than 0.5% in the process, If we take into account the geometry 
of the experiment and the thickness of the samples used, it turns out that the experirmental error us to elastic 
scattering of neutrons is no greater than 0.1-6.2% 


Inelastic scattering of neutrons in the sample may introduce errors in the results of the measurement by 
changing the neutron spectrum and therefore the efficiency with which the neutrons are recorded by the 
indicating system. The influence of inelastic scattering on the accuracy of the measurement was studied with 
the aid of a sample of the isotope U"™*, whose inelastic scattering cross section, as is well known, is much 


greater than that for the isotopes U"™, U5 and Pu’. The relative effects ~ ‘coming from a spherical 


sample of ue measured with a source made of Na“ + D,O(E, = 250 kev), turned out to be the same in both 
the outer and inner indicating systems within the experimental accuracy, which indicates the absence of 
effects from inelastic scattering, 
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b) The neutrons from the source that {s placed into the cavity, in slowing down in the graphite, create 
a field of slowed-down neutrons in the cavity. In order to decrease the effects of interaction of the sample with 
these neutrons, all the samples were located inside a cadmium hood, and the dimensions of the cavity were 
chosen sufficiently large in comparison with the dimensions of the samples. 


In addition, for the measurements “without the sample” the sample being investigated was moved a 
distance of about 25 cm away from the source, but remained in the cavity. In this case the direct interaction 
of the neutrons from the source with the sample was negligibly small, and the sample interacted only with the 
slowed-down neutrons, whose field was practically uniform within the prism cavity. Thus the effect of the 
interaction with the slowed-down neutrons,which was no greater than 4% of the basic effect, was automatically 
excluded in the measurement of AN’ and AN", 


¢) The fission neutrons created within the sample pass through some distance within the sainple itself, 
giving rise, in turn, to other fission neutrons. In a thick sample this multiplicative effect leads to a significant 
- contribution, which makes it necessary to introduce a corresponding correction. The neutron multiplication 
factor is determined experimentally. To do this, a spherical source which reproduces the fission neutron 
spectrum is placed in the center of the cavity, and the counting rate Ng in the indicating system is recorded, 
Then the source is surrounded by a fissionable sample and the measurement is repeated, eat 


The relative effect ax due to the sample is a measure of the fission neutron multiplication, This 


effect, measured for the central geometry, was converted to a distribution of primary fission neutrons throughout 


the volume of the sample, The problem reduced to finding the ratio 5 , where L is the mean free path in the 


sample of the neutrons created in the sample, and § is the mean free path in the sample of the neutrons 


emitted by the source located in the center of the sample. For the samples and sources used, the conversion 
factor turned out to be 1.92. 


Asa result of measurement, the following neutron multiplication factors p = 1.92 (= } + 1 were 
found for the samples studied: Ne . 


U3 — 1.10 + 0.04, 
— 1.05 + 0.01, 
Pu — 1.10 + 0.10. 


In calculating vers, the value obtained by Formula (3) must be divided by the corresponding value of p. 
The results of measurements of V eff at neutron energies of 30, 140, and 250 kev are presented in Table 3. — 


Measurement of the absolute values of vars for neutron energies of 250 and 900 kev 


1. It is impossible, with the above apparatus, to carry out measurements of v_- for higher primary 
neutron energies, since as the energy increases, the difference in the efficiency of the indicating system ¢ to the 
primary neutrons and the fission neutrons decreases, causing the accuracy to drop sharply. 


In addition, and this is even more important, inelastic scattering of neutrons by the sample begins to have 
effect. Therefore, in order to determine Veff for energies of 990 kev, it is necessary to use 4 different pair of 
indicating systerns which could avoid the above meniioned complications, 


In this variation, a threshold ionization chamber with a layer of U’™ placed in the center of the prism 
cavity was used (Fig. 2). The other indicator was a group of BFs-counters located at a distance of about 50 cm 
from the boundaries of the cavity. The efficiency of this.systeém was therefore practically independent of the 
neutron energy; this was verified with the aid of calibrated sources. Thus in this case both indicating systems 
were shown to be insensitive to the effects of inelastic scattering of the primary neutrons, 
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TABLE 3 


The dependence of veff on neutron energy for the isotopes u™, U5 and 
Pu’® in the neutron energy interval from thermal energies to 900 key, 


Neutron energy Uses uss Puree 
interva] 


Thermal neutron 


bea 2.284-0.02 | 2.0640.02 | 2.034-0,02 [1] 
U,15—0.5ey 2.2840.09 | 2.0640.06 1.790.07 [10] 
O.4-2 2,2440.05 | 4.6 $0.04] 1.793-0.04}10 
0.6—6 2.2440.05 | 4,500.04] 1.810,04/10 
2.5—-25 » 2,28+0.05 1.5240.04 | 1,7940,04 [10] 
8—130 » 2.2840.05 | 1.48-£0.04 — 
Data from the present article 
4)Method of two groups of counters 
30 kev 2,25+0,07 | 1,8649,044 2,010,095 « 
140 » 2,430,412 | 2,1240,10] 2,3540,42 
250 » 2,4540,12 | 2,2140,15 | 2,60+0,18 
b) Threshold chamber method 
2kev 2,4640,40 | 2,0040,10) 2,50+0,41 
900» 2,60£0,13 | 2,2840,08] 2,5740,12 


* G, N, Flerov and S, M, Polikanov [12], for Pu®® and 30 kev, 
obtained = 2.22 4 0.16, 


The measurement of vers, as in the previous 
variation, consisted of determining the change in the 
counting rate of the indicators when the source was 
surrounded by a sample of fissionable isotope. 


It follows from the above mentioned properties of 
the indicating systems, that in this case in Equations (1) 
and (2) ky’ = ky (the efficiency of the group of counters 
in the prism does not depend on the energy) and ky = 0 
(the ionization chamber is insensitive to neutrons with 
energies lower than the fission threshold of u™*), Thus 
the constantq = 0, the constant y = 1, and Expression 
(3) for vers takes on the simpler form 


4 
= (4) 


2. Measurement of X = io was carried out for 


Fig. 2. The location of the threshold chamber, the neutron energies of 30, 250, and 900 kev (Na + Be). 
source, and the sample in the prism cavity. 

1) Graphite prism; 2) photoneuton source; 

3) fissionable isotope sample; 4) threshold ionization 
_— 5) cylindrical electrodes with layers of 


By using the value of ver obtained from the 
previous measurements for 30 kev neutrons, and the 
value of X measured by the threshold chamber method 
for the same energy, we may calculate the value of the 
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constant of the apparatus B and thereby obtain the absolute value of vers for 250 and 900 kev neutrons. The 


values of vers for 250 kev obtained by the thresho!d chamber method, proved to be in agreement, within 
the limits of error, with the results of the previous measurements. 


In the measurements, the same control experiments were performed for the evaluation of the corrections 
as were performed in the previous variation, In addition, at neutron energies of 900 kev, a correction was 


introduced (no Jarger than 1,5 -2%) related to the fact that a small fraction of the neutrons from the source was 
recorded by the threshold chamber. 


Results of measurement. 


The present work completes a series of studics of v ors undertaken by our laboratory in the wide energy 
interval from thermal energies to 900 kev. 


Table 3 presents the data on yegf for the whole neutron energy range investigated. 


The results of the last work indicate that the values of v, ¢ for the isotopes U™, U** and Pu™ increase 
materially in the fast neutron energy region. This is in agreement with the qualitative results of statistical 


theory, according to which the ratio of the radiative capture cross section to the fission cross section decreases 
as the energy increases in this energy region. - 


If we know the variation of the fission cross section[3, 13, 14] in this neutron energy region, we can 
make some conclusions as to the variation of the radiative capture cross section. It turns out that the radiative 
capture cross section for U*, U** and Pu’ follows the 1/V law in the neutron energy region from 30 to 900 


kev. The substantial increase of vars of the fissionable isotopes establishes conditions favorable for the opera- 
tion of fast neutron reactors with extensive breeding of nuclear fuel. 


The authors take this opportunity to express their gratitude to Academician L V. Kurchatov, under whose 
initiative the experiments devoted to the study of the dependence of »,¢, on neutron energy were conducted. 
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MEASUREMENT OF THE AVERAGE NUMBER Veg OF NEUTRONS EMITTED 
PER SINGLE CAPTURE EVENT FOR SAMPLES OF Pu?°* WITH IMPURITIES 
OF THE ISOTOPE Pu4® AND THE EFFECTIVE RESONANCE CAPTURE 
INTEGRAL OF Pu*4® 


B. G. Erozolimsky, I. E. Kutikov, Yu. P. Dobrynin, M. 1. Pevzner 
L. S. Danelian, S. S. Moskalev 


In this article we present the results of measurement of veg¢ in Fermi spectra 
with lower bounds of 0.15 ev (gadolinium filter) and 0.4 ev (cadmium filter) for 
samples of Pu®®® with various concentrations of impurities of the isotope Pu (0%, 
1.6%, 2.5%, 6.5%, 16%) and the effective resonance absorption integral of Pu, 


Introduction 


In using an atomic reactor as an energy source, it is economically profitable to make use of long lasting 
fuel cycles, that is to operate at conditions of thorough “burning” of the fissionable isotopes. For these 
conditions, the neutron balance in a ag reactor will depend not only on the properties of Pu™, but 
also on the properties of the isotope Pu“ that accumulates in the reactor, 


A very convenient gauge of the influence of the isotope Pu on the neutron balance in a reactor.is 


the quantity vegf for — with impurities of one or another concentration of Pu, which | characterizes the 
duration of operation of P 


When this data is obtained, it makes possible the determination ef the effective resonance capture 
integral of Pu™, 


In the present paper we present the resulis of measurement of vegf in the Fermi spectra with lower 
bounds 0.15 ev (gadolinium filter) and 0.4 ev (cadmium filter) for two sets of samples with impurity concen- 


. trations of the _— Pu” of 0% 1.5%, 2.5%, 6.5% 16%, also the effective resonance capture integrals are 
evaluated. 


Analysis of the Pu®®® samples for. impurity concentrations of the isotope. Pu**? 


In the operation of a es reactor, as a result of successive neuton capture, several plutonium isotopes 
are created (Pu, , Stk 


The half-life for q -decay of Pu” (6500 years) is less than the half-life for a -decay of Pu (24,000 
years). Therefore the amount of Pu in the sample can be fcund by determining the specific a 7 of 
the sample. But this method gives sufficient accuracy only for the case when the q - activity of Pu is a 
noticeable part of the total q -activity, and it is therefore not applicable to samples with small concentrations 


of 
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An analysis by amplitude of the q -particle spectrum of plutonium samples is made extremely 
difficult by the fact that the basic q -particle energies of Pu and Pu“? differ only by 12 kev, 


The spontaneous fission half-lives of Pu"? and Pu“ differ in a more substantial way, being equal to 1.25- 
- 10" years for Pu and 5- 10"5 years for Pu’, Clearly the number of spontaneous fission events in a plutonium 
sample is proportional to the concentration of Pu“, the part due to Pu’ being negligibly small. Only Pu® 
can give a noticeable additional contribution to the number of spontaneous fission events (Ty = 7.25- 10” 
years). The amount of Pu in our samptes is, however, extremely negligible. ; 


The analysis of the isotope compesition of plutonium samples by measuring the number of spontaneous 
fission events in an ionization chamber is promising, but involves much work. Therefore, this method was used 


to find the percent concentration of Pu” only in one sample. Determinationof Pu concentrations in the other _ 


samples was carried out relative to this standard sample. The presence of a strong isolated resonance in pu? 
at 1,06 ev energy, and the absence of resonances at this energy in the other plutonium isotopes, makes it 
possible to determine the relative concentration of Pu™ in samples from the areas of the dips in the trans- 
mission curves obtained on a mechanical neutron neutron chopper. . 


Determination of the Pu concentration in the standard sample. The fragments from spontaneous 
fission of Pu” were recorded in a multi-layer ionization chamber. The substance being studied was deposited 
on a thin nylon film, which made it possible to record the pulses from both fission fragments simultaneously 
and therefore to work at a discrimination level that excluded the pulses contributed by gq -particles. The 
construction of the ionization chamber and the method of preparing the layers on the nylon films is described 
in reference [1]. 


The amount of substance deposited onto the film was determined by comparing the total q -activity of the 
layer on the filin with the q - activity of a layer of the same substance whose weight was known, which was 
electrolytically deposited on a platinum target. The concentration of pu™ in the sample which was chosen 
as the standard was 6.44 0.25% 


TABLE 1 


Concenwation of Pu“ in the samples 


Sample 
No. 2 No. 3 No. 4 No. 5 


Concentation of Pu™ in % 1.56 + 0.12 2.54 0.2 6.44 0.25 15.84 13 


A contol experiment on the determination of the absolute number of a -particles emitted by the layer 
on the platinum target gave a value of 6.7 + 0.4% which is in good agreement with the previous result. 


Determination of the concentration of Pu™ in the samples by the transmission curves. As was mentioned, 
the presence of a strong neutron resonance in the isotope Pu at 1.06 ev energy makes it possible to determine 
the concentration of Pu™ in the rest of the samples relative to the standard one by the area of the dips in the 
transmission curves, For thin samples, the area of the dip is proportional to the number of Pu atoms in the 
sample, In order that the transmission curves for samples with various percent concentrations of Pu not be 
measurably diffezent in the resonance region, samples with about the same number of Pu atoms per cm* 
were prepared. In this, previous data from isotope analysis with a mass spectrographwere used. The area of the 
dip was determined by the usual method, with corrections for the area under the wings of the transmission 
curve [2]. 


Since,in actuality, the samples studied did not satisfy the conditions for a thin sample (no, << 1), a 
correction was also introduced for the thickness of the sample [3]. . 


The final values for the number of Pu™ atoms in the sample were made more accurate by successive | 
approximations. 


in order « verify the reliability of the measurement, we determined the ratio of the areas of dips in the 
transmission curves for two samples with the same percent concentration of pu but with different numbers 
of Pu atoms per cm®. The ratio of the areas proved to be equal to the known ratio of Pu atoms in these 


samples within the limits of 5% 
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The results of the measurements on the Pu concenwations in the samples are presented in Table 1, 


Method of measuring veff for fissionable fsotopes 


The method of measuring vere Which was developed by P. E. Spivak and co-workers [4] is based on the 
direct measurement of the effects of capture and emission of neuvons in the excited neutron field caused by the 
sample being studied. The apparatus was a graphite prism with a central cavity. The sample was placed in 
the center of the cavity and in the path of a collimated neutron beam from a reactor. The necessary neutron 
spectrum was formed by using the proper filter. The neutrons were recorded by Proportional counters (BF), 
uniformly distributed throughout the whole volume of the prism. 


The measurement of the total number of pulses in the counters per unit time that were recorded when 
the sample being studied was introduced into the cavity is related to the change in the number of neutrons in the 
cavity that results from the absorption or emission of neutrons in the sample. 


When the sample of fissionable matter is brought into the cavity, the change in the number of pulses per 
unit time AN, in the indicating system can be written in the following way: 


AN, =K,Q+K,Q eff Q) 


where Q is the number of neutrons of the primary spectrum that are absorbed by the sample, K, is the 


indicating system efficiency for neutrons of the primary spectrum, and Kg is the indicating system efficiency 
for the secondary fission neutrons. 


In order to determine Vesf one other measurement was taken, for which the sample was ousiail bya 
boron-paraffin sphere with an opening for admitting the neutron beam. In this case the change in the counting 
rate of the same indicating system as a result of the introduction of the sample is of the form 


AN, =K,@ eff 


where Ks is the indicating system efficiency for secondary fission neutrons, 


Writing —— = X; =a; = B, and solving the system of Equations (1) and (2), we get 
riting Ke Ke y ) and (2), we g 


i 
v 
eff 1—Bpx (3) 


Performing the measurements on X for samples of Pu? without and with Pu impurities (X* and X", respectively), 
we find that 


The constant of the apparatus 8 = z was measured with the aid of a fast neutron convertor, and turned 


out to be 0.314 0.003. A detailed account of the method of measurement is presented in reference [4). 
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Results of measurement 


The measurements were performed on samples prepared in the form of 22 mm diameter discs of uniform 
mixtures of the substance being investigated aad fine graphite powder compressed in a small aluminum box, 
The results for two sets of samples of different weights ae presented in Tables 2 and 3, 


TABLE 2 
Measurement of ‘a in the Fermi Spectrum Formed by a Gadolinium Filter (E,,,45q ~ 0-15 ev) 
eff 


Sample 
M2 


Percent Pn2e | 1.6 a 2.5 6.5 
Weight of - 


(g)] 


16 


d 0.9740,01 |0.9640.01 0.96£0.01/0.8640.01 0.8740.01/0.7740.01 0.8340. 


TABLE 3 


v 
Determination of - | in the Fermi Spectrum Formed by a Cadmium Filter (E,oung ~ 0.4 ev) 
eff 


Sample 
M2 M3 


ercent Pu™ ..... 1.6 2,5 16 
eightofsample (g) 8 0.55 0.39 1.00 0.52 0.99 
1.0740.05 | 1.0040,08 1.1740.93 |—0.42+40.01 —0.02+0,07} 


0.8440.02 | 0,810.03 0.8740,02 | 0.4940.02 0.55-40,02 


v" 


v'eff 


TABLE 4 


2.32- 10-3 2.57-10-3 6.58-10-% 21.9-10-* 41.6-10-3 


142-10-3 100.10-% 115-10-3 219. 10-3 


1.6-10-* 2.57-10-3 19-10-* 19.10-* 


41.942 | 9.044,5 5.944,5 5.440,1 4.340,2 


| 4150-10-84 2700-10 crs? 2500-10-74 crs? "2000. cm 


Experimental 


0.55 0.39 1.00 | 0.54 1.02 | 0.52 0.99 | . 


« ‘ 4 
} 
; 
3 
2 
| 
4 
> 
; 
‘4 
. 
> 
314 


The lowest concentration of the isotope Pu in the samples was about 1.5% Therefore,in measuring 
Veff for pure Pu’ (sample No. 1 in Tables 2 and 3), in addi tion to the filter forming the neutron spectrum, a 


Pu™® filter was used to block the 1.06 ev resonance neutrons. It follows from the definition of vegf that the 
ratio 


where Dg and Dp are the resonance capture integrals of Pu’ and Pu and Pp is the ratio of the weights of 
Pu and in the sample. 


According to measurements performed by G. A Dorofeev [5], the absorption integral for Pu" for the 
neutron spectrum formed by the cadmium is 


(460 + 23)-10-% 


By using the data of Table 4 it is possible to calculate the values of the effective resonance ‘absorption 
integrals for Pu as a function of the amount of Pu™ per cm* 


Extrapolating the value of £49 to zero Pu density, we can obtain the true value of the resonance absorpt- 
ion integral: 


= (9000 + 3000) - 10-*4 . 


The present work was carried out on the suggestion of Academician I. V. Kurchatov. The authors take 
this opportunity again to express their gratitude to him for his constant interest in the work. 


We also express our indebtedness to P. E. Spivak for directing the work. 
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SLOWING DOWN OF FISSION NEUTRONS BY WATER 


L. M. Barkov, K. N. Mukhin 


In this article we describe the method and results of measurement of 
r for U*® fission neutrons slowed down by water to energies of 1.46 ev. The 
value obtained for ry.46 ey = 29.4 + 1.5 cm’, 


A large class of reactors use water as the moderator, and it is therefore of great interest to investigate 
the slowing down of fission neutrons by water. 


In the present work, carried out on the RFT reactor with the aid of an indium detector, the density 


distribution of neutrons with energy E: = 1,46 ev, that occur as a result of slowing down u*™ fission neutrons by 
water, is measured, 


The neutron source was a target-convertor made of uranoso-uranic oxide U* which transforms thermal 
neutrons of the beam to fast fission neutrons. Two targets were used: one of 22 mm diameter and 5 mm thick- 
ness (4.15 g US) for measurements at large distances from the source, and the other of 8 mm diameter and 
2.5 mm thickness (0.21 g U**) for measurements close to the source, . 


The measurements were performed in a large aluminum tank 140 cm long, 100 cm wide, and 105 cm high, 
into which the thermal] neutron beam was introduced with the aid of a 50 cm long steel tube which was sealed 


atone end. The target was attached to the sealed end of the tube and was covered, together with the tube, by 
a cadmium case. 


The distance from the convertor to the walls of the tank or the cates of - water was 50 cm, and in the 
direction of measurement the distance was 90 cm. 


The construction described makes measurements possible to distances of about 70 cm with practically no 
edge effects and a weak background, The fast neutron background passing through the walls of the tank and the 
background due ‘to neutrons scattered by the target was measured with the aid of additional experimeats, in 
which, in place of the convertor, a scatterer made of one oxide was used. 


The measurement of the density of slowed down neutrons p(t) was carried out with the aid of indium foils 
of optimal thickness (100 mg /cm*) placed in cadmium holders, The foils were calibrated as to thicknesses, 
area, and weight. Their activity was measured in both directions on a § -apparatus with low background, 


A special verification of the reliability of the method was performed with the aid of a control experi- 
ment with a thicker indium foil in which the self-shielding of neutrons of the basic resonance was observed, 


This verification showed that the indium foil of optimal thickness — mainly neutrons with energy 
corresponding to the basic resonance (1.46 ev). 


In order to avoid over-irradiation of the foils located close to the convertor, the irradiation with the 


large convertor was performed in two series: the foils were irradiated at small distances from the convertwr 
(t < 30 cm) and at large ones (15 cm < r < 60 cm). 
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In each series several foils (as many 4s 8 in a series) were irradiated simultaneously. In order to increase 
the statistical accuracy for r > 40 cm, measurements for each point were carried out with two or three foils 
irrladiated at different locations, but at equal distances from the convertor. The activity of these foils was 
measured on a 8 -counter simultaneously. Both series were repeated 6 to 8 times, and the results of each series 
were joined at two or three points that were common to all the series. In the measurements, good reproducibility 
was obtained for the results of series of the same type, as well as for the common points for different series, 


Measurement of density p(r) of the fission neutrons 
slowed down by water was carried out both with the 
large and the small convertor in the ranges, re-- 
spectively, of Scm<r< 60cm and3cm<rs 
= 15cm. Both curves coincided at the point 1 = 
= 15cm, and were identicalin the interval 
10cm sr= 15cm. Forr < 10cm, the curve from 
the small convertor is higher than that for the large 
one, and the divergence at the point r = 5 cm is 


15% 


The final curve (see the Figure) was taken as 
the combination of the curve from the small convertor 
for 3cm =r = 15 cm, and the curve from the 
large one for 15 cm =r = 60 cm, since the curve at 
large distances depends little on the dimensions of 
the convertor. From this curve the quantities 


r‘p (r) dr 

11.46 ev(R) = 
(r)dr 


were calculated for various intervals of measurement 
: 0<sr=R(Q& = 30, 40, 50 and 60 cm), and from this 
it was possible to extrapolate the value 


Distribution density of neutrons with energy E = 1.46 ev — 
that occurs as a result of slowing down of U*™ fission vp (v) dr 
neutrons by water. T1464 = 


= 29.4 r 4.5 cm?, 


6f (r) dr 
0 


The experimental uncertainty is coraposed of ertors in measuring p(r), which, as is shown by calculation, 
can give an uncertainty in 7 no greater than 2-3%, errors in extrapolation, which are taken to be equal to the 
difference between the extrapolated value and the last experimental value for R= 60 cm(0.3 cm*), and errors related to 
the fact that the small convertor is not a “point” source (0.5 cm*), The error caused by the fact that the con- 
vertor is not a point source was found by comparing the results of measurement with the small convertor 
29,4 cm?) and the large one (30.5 em?), : 


Taking into account the additional slowing down in the interval from 1.46 to 0.025 ev, which is about 
1 cm, the value we have found for 7 agrees within the experimental error with the value ro ws ey = 33 en? 
given in the book by Glasstone and Edlund [1]. : 
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In conclusion, the authors express their sincere gratitude to I. 1. Gurevich and D. V. Timoshuk for review- 
ing the results, to A. P. Venediktov for help in the work, and to G. R. Golbek for lending the § -apparatus with 


low background, 
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MEASUREMENT OF SLOWING DOWN OF NEUTRONS BY WATER IN THE ENERGY 
INTERVAL FROM 1.46 to 0.025 ev 


L. M. Barkov, V. K. Makaryin, K. N. Mukhin 


With the aid of an indium detector the spatial distribution of resonance 
(«E, = 1.46 ev) and thermal neutrons that arise as a result of the slowing down 
in water of the photoneutrons emitted by an Sb + Be source is measured. The 
age of the neutrons Ty 4g ev. the thermal neuvon diffusion length in water, 
and the square of the slowing-down length Ar from neutron energies of 1.46 ev 
to thermal energies (0.025 ev) are determined, 


Use of the resonance detector method makes it possible to determine the square of the slowing-down 
length for neutrons slowed down to some energy E, higher than thermal energies, for instance to the 7 
E, = 1.46 ev if indium is used as the detector [1, 2), . 


Slowing down from the energy E, = 1.46 ev to the energy E = 0.025 ev is usually calculated theoretically. 
Such evaluations are made also when the slowing-down medium is water, and they give the value Ar = 1-2 cm’. 
Because of the chemical bonds of the hydrogen atoms in the water molecules, however, the calculations of energy 
loss by collisions with protors becomes unreliable, and therefore the evaluation of the distance through which the 
neutrons pass in the process of slowing down from E, = 1.46 ev w E = 0.025 ev is also inexact, Thus an 
experimental evaluation of this quantity is naceiinty. 


Such an evaluation can be made by comparing two experimental determined curves of the spatial. 
distributions for resonance pf, = 1,46 and thermal p_(r) neutrons. 


‘The value of ?/ 6 calculated from the first curve gives the value of the square of the slowing-down length 


T 1.48 ev, © the resonance energy E, = 1,46 ev, and te value of °/6, calculated from the second curve gives the 
value of the migration area 


M = To +L. 


Here ro ws ey is the square of the slowing-down length to E . = 0.025 ev; and L is the diffusion length for 
thermal neutrons. Thus the slowing down of neutrons from the energy E,= 1.46 ev to the thermal energy 
= 0.025 ev is characterized by the quantity 


AT = To.28 ey ev = —T 146 ev: 


The quantity Ar contains the difference of the experimentally determined quantities M® and Tras ey Which 
depends on the initial energy Eg of the neutrons that are being slowed down, Therefore, in order to obtain Ar 
with the greatest possible accuracy, the energy Ep, should be as small as possible. 


In the present work the indium detector method is used to cetermine the experimental values of Ty 4 ey, 
M? and L, which characterize the slowing down and diffusion of photoneutrons from an SB + Be source (Ey =30 kev 
in water, and the quantity AT (146 ev 9.5 ev). is found. 
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The measurement of the deusity distribution of thermal and resonance neutrons was performed in a large 
tank 80 cin in diameter and 100 cm high placed over a shaft for holding the sourcé and filled with water (Fig. 1). 
From the shaft SH the source S was lifted along the maintaining rails MR with the'aid of the electromagnet E 
which was automatically turned off when the source reached the operating position, The presence of the suurce 
in the operating position was indicated by a sensitive y-ray indicator, and the time at which it arrives there, by 
the flashing of a lamp included in the electromagnet circuit, The source was let down again by pulling out a 


special pin P which holds the source’in the operating position, . . ‘ 


In measuring 7 for the neutrons with low initial energy (30 kev) and therefore low slowing-down length, 
it is important to measure the distance between the source and detector with accuracy. Placing the detector 
at the necessary distance was carried out with the aid of three horizontal rules R with slots milled into them, which 
were placed one over the other. The rules were attached to the maintaining rails of the source, so that any 
possible tilt of the maintaining rails would not change the distance between the source and the indium foil. The 
adapter A with the foil was hung on the top rule as is shown in Fig. 1. 


Fig. 1. General view of the apparatus. 


In order to irradiate several foils simultaneously at 
large distances, the apparatus had three systems of rules 
located at different radii. In order not w alter the 
slowing-down properties of the medium being investigated, 
the maintaining rails, the rules, and other details of the 
apparatus were made of plexiglass, which has slowing- 
down properties similar to those of water. 


The measurement of the density of resonance 
neutrons py, 4 cg(t) was performed with adapters 
made of sheet cadmium 0.6 mm thick, and that of the 
thermal neutrons with — made of 0.2 mm thick 
stainless steel, 


Depending on the distance from the source, the 
measurements were performed with foils of various 
sizes: 30 x 25 mm, 15 x 25 mm and 7.5 x 12.5 mm, 
and the results were reduced to foils whose dimensions 
were 15x 25 mm. The transformation factars were found 
by comparing the activities of foils of various dimensions 
which were irradiated under the same conditions. For 
irradiation with resonance neutrons, these factors prov- 
ed to be proportional to the target areas, and for 
irradiation with thermal] neutrons the value of the 
coefficients agrees with calculations made according to 
Bothe’s formula [3, 4], which takes into account the fact 
that the thermal neutron field is altered by the detector. 
For the largest irradiation distances, three foils 30 x 
x 25 mm were irradiated, and their activity was meas- 
ured simultaneously on the counter, 


An apparatus with a reduced background was used 
to measure the 8 -activity. The activity of the foils was 
measured on both sides, In all cases foils of optimal 
thickness were used (100 mg/cm”). In the measurements 


. two sources were used: a large cylindrical source 


(diameter Be = 18mm, h=22mm; diameter Sb =8 mm, 


h = 17 mm) with a neutron yield of ~ 10° neutrons per second, and a small source (diameter Be = 10 mm, 
h = 20 mm; diameter Sb = 6 mm, h = 20 mm) with a yield of ~ 10° neutrons per second, 
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The resonance neutron density py, , cg(t) 


_ Pirs was measured from 1.5 to 18 cm for the large 
: 10° source, and from 1.0 to 10.5 cm for the small one, 
; The value of 7 for the large source proved to 
be 
18 
(r) dr 
; i 3 Additional measurements made with the small source 
"y 4 4 led to some changes in the curve of pr. , c(t) 
- r 7 in the region of small distances (dotted curve on 
; Fig. 2). The value of determined from the 
i 107 corrected curve is r = 5.272 0.04cm*, By 
3 considering the increase of ¢ in the last few centi- 
; ‘ } meters, we were able to find the extrapolated 
value 
4 
(r) dr 
fo' 0 
q which, for the large and small source, respectively, 
is 5.66 0.04 cm® and 5.28 0.04 cm*. 
It is known that in addition to the principal 
0 0 G 15 resonance at E = 1.46 ev indium has two other 
relatively strong resonances at E = 3,9 ev and 
i Fig. 2. Density distribution curves for (a) resonance and E.= 9.1 ev, which will have a stronger effect as 
; (b) thermal neutrons, and (c) the function p,(r). the thickness of the foil used increases. A calcula- 


tion performed on the assumption that the neutron 
flux incident on the detector is isotropic and that the Fermi law @ ~ 1/E holds, showed that for the foils and 
cadmium — used, the contribution from the second resonance to the activity is about 10% and that of the third, 
about 4% In-addition some contibution to. the activity is caused by neutrons of energy E> 10 ev. All this 
should lead tw too low a value for the experimentally determined value of T , since it corresponds to the slowing 
of neutrons fo an energy E > 1.46 ev. 
The correction to T exp Was calculated with the aid of the relation 


30 kev 
N39 ev f 7(E-1.46 
10 ev . 


T= 7) 46 ev 7(3.9-1.46 ev) 


Here N is the total number of neutrons — by the indium foil, Nj is the coriwibution of the particular resonance 
. Atrs E ev E ev 
to the foil’s activity, T(E=—1.46 ev) = 3 In a * 0.42 In La c is a constant ences by the 
activation cross section in the energy region E >,10 ev, where we took the cross section to have the dependence 
2 
o= + 10-% cm®, The magnitude of the correction proved tobe 0.2 4 0,1 cm*, 
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The large value for the uncertainty 4 0.1 cm? {s related to the possibly inaccurate determination of 
T(E —1.46 ew by age theory and to the uncertainty in the variation of the activation cross section in the energy 


region E> 10ev. Thus the following values are obtained for the square of the slowing-down length to an energy 
of 1.46 ev: 


T1.46 ey = 5.864 0.15 cm® for the large source, and 
— ev = 5.48 + 0.15 cn® for the small source, 


In principle it is possible for the indium foil to be activated by the y-rays of the photosource according to the reac- 
tionIn’® (y, y')In™5™. In order to verify the absence of an error due to this effect, pry , q(t) Was measured 

at distances greater than 18 cm. The absence of activation as a result of the y-rays at a distance of 20 cm proves 
that it is also absent at small distances, since water absorbs y -tays weakly, whereas the neutron density decreases 
rapidly with distance. 


In order to determine the thermal neutron density p r(t), 4 measurement of the dependence of the indium 
foil activation (in the steel adapters) on distance from the source was performed, In this case, as opposed to the 
measurements of pyp 4 Cq(t) in the cadmium adapters, the indium foil is activated not only by resonance neutrons, 
but also by thermal neutrons and neutrons of “intermediate” energies from 0.025 to 0.5 ev, which are blocked 

out by the cadmium in the measurementof pp 4 Cq(t). Therefore in order to get the correct value of M’, the 
activity caused by the resonance and intermediate neutrons must be excluded from the total activity of the indium. 
The activation by the intermediate neutrons can be evaluated by calculation. In fact.the neutron flux activating 
the foil is proportional to 145, E. It follows, then, that we may compare the activity of the foil caused by the 
intermediate neutrons with the activity caused by the resonance neutrons, The latter is known from the measure- 
ments of pyn 4 Cq(t). The results of the calculation must be normalized to pty 4 cq (1). 


Such a calculation, however, cannot give an accurate result, because of the fact that in the energy region 
E < lev scattering by water molecules begins simultaneously with scattering by free protons. It is possible to 
give only two evaluations, above and below the magnitude of the contribution to the activity caused by the 
intermediate neutrons. In getting the low value, it was <ssumed that from E = 0.5 ev up to thermal energies, the 
scattering is by free protons. only ( = 1, ao, = 20° 10° cm*), In getting the high value, it was assumed that in 
the energy interval from 0.5 to 0.1 ev the scattering is by free protons, but that from the energy E = 0.1 ev on 


down, it is by water molecules (¢ = 7 == 0.107, o, = 80- 107% cm’). The results are, respectively 
3 


Pinder = Pin « Ga 
= 1.43 Ca (1). 
Thus M® should be calculated from the curve 
(7) = (7) — 1,77 (7) 
in one case, and from the curve 


(r)= Py_ (7) — 2,43 Pinsca (7) 


in the other. The corresponding values for M® are Mg) = 13,92 2 0.05 cm® and Mia) = 14,35 + 0.05 cm®, 


+ 
Since the correct value of M* is contained between May and Mia)’ it was taken as M*® = ¢ @) with an 


2 
-M 
@) 4) 2 
uncertainty equal to half the difference of the values, a 6.22 cm*, M® = 14.13 ¢ 0.25 cm, 
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Additional measurements made with a “point” se source indicate a small change in the curve for p n(*) at 
small distances (dotted line on curve b in Fig. 2). The value of M® determined from the curve fa the 
"small source” is M* = 13.642 0.25 


Together with 1; 4g ey and M’, the diffusion length L for thermal neutrons in water was also determined in 
this experiment (t = 19°C). The necessity for measuring L arises from the fact that the experimental values for 
the diffusion length that appear in the literature do not agree with each other (see the Table). 


For an Sb + Be source the distribution of resonance electrons in water falls so rapidly that from a distance 
ra 15 cm on, only thermal diffused neutrons exist. Thus for r > 15 cm we tay write a diffusion equation without 
a source 


4 


where p is the neutron flux density. 


In our concrete case of a spherically symmetric distribution in a system of coordinates centered at the source, 
the solution is of the form 


Then L can be found from the slope of the ee line pr~ ent! L drawn on semi-log paper. 


TABLE The function p,@ is drawn on Fig. 2 (curve c). 
From the slope of the line it follows that L = 2.68 2 
Diffusion Length of Neutrons in Water + 0.02 cm. Additional measurements made in dis- 
tilled water gave L = 2.69 + 0.02 cm. The relatively 
| high accuracy of the result is due to the large interval 
OL, Method Reference for the measured curve (15-35 cm). - 
Comparing the experimental data obiained for 
340.3 Direct measurernent {5 the large source, 
2.7740.04 » \6 
2.763.0.03 > (71 
.2940. » » 8 
2,7240.04 Pulse method [10} M?* = 14.13 + 0.25 
2.69+40.08 [11 
2.8540.05 » {12 L?=7.18 + 0.11 cu? 


gives, for the quantity At = M- ev 
the value 


At (4, 46—0,025 ey = 1.4 + 0.5 


Comparing the experiments] results obtained for the small source, 


71.46 ev= 0.48 + 0,15 
M?* = 13.64 + 0.25 


gives, for Ar, the value | 
At(1,46-0,025 ey = 1.0 + 0,5 cu. 


H 
i 
} 
j 
¢ 
4 
b 
2 
: 
- 
: 
: 
4 
. 
ste 
‘a 
| 


It should be noted that a large part of the uncertainty in Ar comes from the large total correction in aa 
over the results of the measurements with the large and small sources, 


The near agreement of the values of Arcbtained from the large and small source {s to be expected. Indeed, 
in the slowing down of neutrons from an energy of 1.46 ev to 0.025 ev, the resonance neutrons serve as a distri- 
buted neutron source; they rapidly slow down to 0.025 ev energy, and then diffuse. In so doing, the diffused 
neutrons seldom come to the point where the source {s located, and therefore its influence is rather weak. 


In slowing down from 30 kev to 1.46 ev, the place from which the neutrons come fs the source itself, and 
therefore its dimensions aemnee the value of 7 quite strongly. Comparin the values of r obtained with the 
large source (7 = 5.86 ¢ 0. 15 cm ?) and the small one (7 = 5.48 2 0.15 ). we see that the difference between 
them fs as large as 0.4 cm® and that the value of + corresponding tw a point source must therefore be less than 
5.48 cm*. Coane: of r by ameapee formula [13] for neutrons slowed down from 30 kev to 1.46 ev gives the 
value rtheor = 4-9 cm*, which is 0.6 cm* lower than the experimental value for the small source. It is ae 
that the fact that the source used {is not a point source is one of the reasons for the difference between 7 
Ttheor- A second reason for this difference may be the presence of neutrons of about 300 kev in the Sb ~ 
source, 


An additional verification of the reliability of the measured ome of resonance and thermal neutrons can 
be obtained from their mutual agreement. If the curve of the spatial distribution of resonance neutrons {s con- 
sidered as a distributed neutron source, then we may find the distribution of thermal neutrons by calculation. 
With this purpose, the spatial distribution curve of the resonance neutrons py, , cg(t) Was approximated by the sum 


of three Gaussian curves py, 4 cq (t) = ae 


The curve for neutrons slowed down to E = 0.025 ev was foucd by the formulas 


cm; At=1,2 cu**). 


* Ar=1.2 cm, not 1 cm*, boomus the experimental curve of spatial distribution of resonance reutrons fs being 
used, and the contribution of 0.2 cm*, which is related tw the activation of the indium foil by neutrons of energy 
E > E,, should not be excluded. 
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In the first case it Is assumed that the spatial distribution of neutrons slowed down from the resonance 
encrgy to the thermal energy is determined by diffusion theory; in the second case, by age theory. Since At 
and L"® are small, the difference between the curves of 


ey and ey small, and either of the 


. curves Of pp as ey may be used to obtain the thennal 
neutron distribution due to diffusion in water: 


where L = 2.68 cm fs the diffusion length of thermal 
nee in water, As can be seen from Fig. 3, the calcu- 
‘ed curve agrees well with the experimentally meas- 
uce one, . In obtaining M® , it was assumed that the 
neutrons are not thermal until their cnergy becomes 
0.025 ev, and in order to obtain the distribution of purely 
thermal neutrons from p;,,(r), together with the activation 
from resonance neutrons, we subtracted out the activation 
caused by neutrons with energies Ey ws ey < E< E,. 
Since the number of neutrons with energy E > 0.025 ev 
in the Maxwell distribution is large, the question as to the 
meaningfulness of this procedure arises, It was possible to 
pick a nominal limiting energy below which the neutrons 
would be considered thermal. For instance, we could 
have taken 4 x’ 0.025ev =0.iev for this energy, In this 
case we would have to subtract only the resonance 
neutrons from py, the quantity A 11.46 ey =0.18v) 
would be 0.6 4 0.3 cm” instead of 1.0 + 0.5 cm? for 
Ar(1.46 ev —0.025 ev) Doth of the experimental values 
can be compared at the calculation according to 
Marshak's formula (or according to age theory), made 
under the assumption that the slowing down of neutrons 
is achieved by the free hydrogen and oxygen nuclei 
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Fig. 3. Comparison of the calculated curve for Pelt) 
(solid line) with the experimental data (points or the 
curve). AT theor (1.46 ev-0.1 ev) 1.1 


In both cases the experimental values of AT are somewhat smaller than the calculated ones. The interpre- 
tation of the results obtained is complex, since in slowing down neutrons from 1.46 ev to 0.025 ev the effect of 
the chemical bond is felt in several factors acting in opposite ways: 1) the increased scattering cross section due 
to the fact that the proton is bound to the water molecule; 2) the increase in the symmetry of the scattering, as 

a result of which A, decreases significantly; 3) decreased energy loss in each elastic scattering event; 4) the 
excitation of vibrational and rotational molecular levels during scattering, 


The square of the slowing-down length Ar from E = 1.46 ev to E = 0,025 ev does not depend on the initial 
energy of the neutrons from the source being used. Therefore if we know 74 46 ey for any neutron source, we can 
find the square of the slowing-down length for neutrons of this source Tp) ws ey = Ty 4g ey + AT w E = 0.025 ev, 
For instance, r9 25 ey for fission neutrons slowed down by water is f 
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To,025 ev = 71.46 ev* 4T = 30.4 4 2cm*, 


7146 29.4 1.5 


In conclusion the authors express their sincere appreciation to Professor 1. 1. Gurevich for valuable discussions 
of the results of the work, to A. P. Venediktov and B. V. Sokolov, who took part in the preparation of the apparatus 
and in the measurements, and to A. V. Telnov, who helped in preparing the apparatus. 
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SLOWING DOWN OF FISSION NEUTRONS BY URANIUM ~— WATER MEDIA 


L. M. Barkov, A. P. Venediktov, K. N. Mukhin 


The spatial distribution of resonance neutrons (E = 1.46 ev) which sasitte from 
the slowing down of U** fission neutrons emitted by a “point” source is measured 
for three variations of a uranium-water lattice made of thick slugs (35 mm) of 
natural uranium enclosed in cadmium tubes, The absence of anisotropies in the 
distribution of slowed-down neutrons is demonstrated, and the values of ¢ | determined. 


It is of considerable interest to carry out an experimental investigation of the slowing down of fission 
neutrons by uranium -water media whose characteristics are similar to those of projected reactors, 


In the present work® we measure the spatial density distribution of 1.46 ev neutrons, which resultsfrom the 
slowing down of fission neutrons emitted by a “point” source in uranium-water lattices, with the aid of an indium 
detector, The lattice was constructed of 35 mm diameter blocks of natural uranium enclosed in aluminum 
jackets and placed in a tank 140 cm long, 100 cm wide, and 105 cm high. The fission neutron source was a 
target-convertor made of uranoso-uranic oxide U*** (4.15 g of uranium). A thermal neutron beam was directed 
at the convertor with the aid of a 50 cm long steel tube which was covered with a cadmium jacket wgether with 
the convertor. The distance from the convertor to the tank walls and the water surface was no less than 50 cm, and 
the distance in the direction of the measurement was 90 cm. This made it-possible to perform the measurements 
up to distances of about 70 cm. In the experiment we used the method of measurement that is described in a 
previous article [1]. In order to prevent thermal neutron multiplication, the uranium slugs were enclosed in 
tubes made of sheet cadmium 0.6 mm thick. The tubes with the slugs in them were assembled into equilateral 
triangular lattices with various spacings of 4,3, 5.0, and 6.0 cm, which provided a variation of the ratio of the 
water volume to the uranium volume in the interval from 0.4 to 2.0. The tubes were fixed in position by the use 
of three plates with holes drilled through them for the tubes. The upper and lower plates, located at the ends of the 
tubes, were made of 6 mm thick Duralumin; the center one, located 20 cm below the convertor, was made of 8 mm 
thick plexiglass. The material of the center plate was chosen on the basis of the great similarity between its 
slowing-down properties and those of water. The three plates were attached to each other by a rigid Duralumin 
framework. A large window was cut into the top plate to admit the cadmium adapters with the indium foils into 


the lattice. In order to maintain the proper spacing between the tops of the tubes that were located within the 
window, small sections of the cutout Duralumin plate were inserted between them. 


Figure 1 is a photograph of the latiice, showing the distribution of the tubes (A), and tube (B) thiough which 
the beam enters, the convertor (C), the adapters with the foils (D), the three plates (E,, Ez, and E3), and a few 


sections (F) for holding the upper ends of the tubes, The tank was loaded with the tubes by use of a winch and 
cable with an automatic chuck (G). 


In order to verify some questions as to the micthod used, preliminary measurements were made with a 
source that reproduced the fission neutron spectrum, These experiments showed the following: 


* The work was performed on the RFT reactor, Preliminary results were presented at the International 
Conference on the Peaceful Uses of Atomic Energy in Geneva in 1955, 
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Fig. 2. Results of measurement of the 
resonance neutron distribution density for 


uraniurn-water lattices and for water, 
Fig. 1. General view of the apparatus. 


1) In the horizontal plane passing through the source, the density distribution pcr) of slowed down neutrons 
is isouopic with respect to the direction from the source, 


2) The distibution p(r) in the horizontal plane does not change when a cadmium tube filled with air 
‘simulating the conditions created by the thermal neutron beam) is placed vertically over the source. 


3) The influence of edge effects is not felt as close as 5-10 cm from the boundary, both in the vertical 
and in the horizontal directions. 


Fundamental measurements were made with the convertor for three different lattices corresponding to the 
following values for the ratio of the water volume to the uranium volume: 0.4, 1.0, and 2.0 (spacings of 4.3, 5.0, 
and 6.0 cm). The results of the measurements are presented in Fig. 2. The statistical errors for the experimental 


points are shown only for the greatest distances r > 45 cm. For distancesr < 45 cm, the statistical errors are no 
larger than 2, 


Separate measurements were made for p (1) in the vertical direction, and they showed that within the 


experimental accuracy there is no anisowopy in the distribution p(r) in any of the variations of the lattice. Thus 
the quantity Texp can be calculated by the usual formula 
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The results of the calculation are presented in Table 1. 


TABLE 1 


Experimental Values of 7 for Various Magnitudes of 
the Ratio of the Water Volume to the Uranium Volume 


4.3 | 5.0 | 6.0 | Water with- 


out uranium 


Spacing 1 (cm) 


0.23 
0.4 


0.43 
1.6 


0.61 1 
2.0 


= VH,0/Vior 
= Vuy,0/ Vu 


Texp (cm?) 6523] 4742 29.44 1.5 


The values of r.,,, presented are somewhat 
too high because of the fact that multiplication of 
the neutrons incident on the cadmium is not entirely 
suppressed, 


Values of corresponding to the absence of 
multiplication of these neutrons in the system can be 
derived in the following manner. 


Let p(r) be the resonance neutron density (fox 
instance, with E = 1.46 ev) in an arbitrary system 
that has neutron multiplication, let po{r) be the 
resonance neutron density in this system when the 
multiplication is suppressed, and let k,, be the 
multiplication factor for this system. Thea neutron 
multiplication leads to the following relation 
connecting p(r), po(r), and 


P(r) = + Keo Py (7) + Keo +--+ ) 
where 
(r) = ( Po (ra) 


a(r)= (17 +7) 


Pn (7) = (17+ 741) Po 


Here Jpg(r) dr = 1 and Jp,(r)dr,... Sp 

are also normalized to unity. In Expression (1), 
pal . . . represent the distributions 

of neutrons of the second and third generations, etc, 


If two of the quantities po(r), p(r) and k,, 
are known, then Equation (1) makes it possible to 
find the third. For instance, if po(r) is known from 
experiment, then by calculating p(r), p(t). . 
for a known kg, we may determine p(r), or 
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Fig. 3. The dependence of rf on the relative amount 
of water in the lattice y = Vi,O/Vinr The solid line 

is the experimental value of 7; the dotted line is the 

value of 7 corrected for neutron multiplication in the 

lattice. 
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Fig. 4. Comparison of the data of various works on 

the slowing down of neutrons by uranium-water lattices. 
0) Direct Oak Ridge experiments (19.5 ey) [3]; A) 
Breokhaven experiments; method of artificial “poisoning” 
and "enriching"; analysis by the one-group theory (M*) 
[3]; ©) Brookhaven experiments; method of “poisoning** 
and “enriching”; analysis by age theory (M*) [3]; x) 
Westinghouse experiments. Critical experiments. 


Analysis the one-group theory (M?) [5]; @) results of 
the present work (rz 4g ey. 
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conversely, from the experimental values of p(r) and pr) ve can find kg. In practice this problem can be 
solved by approximating the experimental curve for pot) by a system of functions that is convenient, for integra- 


tion, e.g. by a Sum of Gaussian functions 2 ic By , where ay and Bj are empirically chosen constants. In 


this case the integration is completely carried out, and the resulting functions pr), p(t) are also obtained in the 
form of sums of Gaussians with coefficients expressed simply in terms of aj and gj. It is clear that the necessary 
number of terns in Formula (1) is determined by the magnitude of kg. Thus if Kg) = 0.1-0.2, then the experi- _ 
mental curve for p(r) is sufficiently well reproduced by a formula with only two terms. 


P(r) po (7) + (7)- (2) 


The relation between po(r), p(r), and Keo also makes it possible to evaluate the differences in the 
corresponding values of r if p(r) and kg are known, and therefore also p(t) from (2). Indeed, if po(r) is given © 


48; 


in the form of a sum of Gaussians va ie then integration gives 


65 r*p(r) 


ko 


In the present work the above method was used to evaluate T» for the system in the.case for which there is 
no multiplication— neither of thermal neutrons,. nor of those that are incident on the cadmium. 


In evaluating T» [by Formula (3)} the calculated multiplication factor key for the neutrons incident on the 
cadrnium was used, and the value of po(r) found according to (2) was expressed in the form of a sum of s 
Gaussian functions. 


The evaluation of the multiplication factor of the system was made according two the formula k =vg9'e, 
where v is the number of neutrons per fission event, g is the probability that resonance capture does not occur, 
€ is the multiplication factor for fast neutrons, and g° is the probability of fission by the neutrons incident on the 
cadmium in the piocess of their slowing down to capture fn the cadmium. The value of vy was taken from a note 
published in Nucleonics [2], that of € from the work of Kouts et al. [3], and that of g from the results of 
measurements by M. B. Egiazorov (private communication). 


The value of g* was calculated according to a formula given by Gurevich and Pomeranchuk [4], which the 
authors derived for the evaluation of g and modified for the evaluation of the probability of fission by the neutrons 
incident on the cadmium in the process of slowing down. For this the following changes were made ia the 
formula: the concentration of U*** nuclei was replaced by the concentration of = nuclei, the capture cross 
section of U™* was replaced by the fission cross section of U™®, the term accounting for the cortribution from the 


strongly blocked resonances was dropped, and a coefficient that accounts for the absorption of neutrons in cadmium 
was introduced. 


Table 2 presents the values of the multiplication factors k,, found in this way for the neutrons incident on 
the cadmium, The accuracy of the constants and formulas used allows us to suppose that the error in the 
multiplication factor is no greater than 50%. On the same table we present the values of 7 for systems in which 
no multiplication takes place for the neutrons incident on the cadmium. The values ‘of + were derived from the 
values of T exp and Kgy by the method described above, 


2 
7 . 
Meat . 
= 
(3) 
Na 
| 
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TABLE 2 . Figure 3 presents the dependence of r.,., and 
r on the fraction of the lattice volume that is taken 
up by the water y = Viz0/Vipz- It should be noted 
that the values of 7 found include the effect of 
slowing down of the neutrons that arise in the slugs 
as a result of U fission by fast neutrons, 


_ The Multiplication Factor for Neutrons Incident on the 
Cadmium, and ¢ for the System in the Absence of 
Multiplication of Thermal Neutrons and Those Incident 
on the Cadmium 


“Spacing 1(cm) | 4.3 | 5.0 | 6.0 | Water with- 


Figure 4 presents experimental results of various 
out uranium 8 P Pe 


works on the measurement of +) 46 ey, T0,025 ev 


Y = VH,0/Vior | 9-23} 0.43 | 0.61 ¥ and the migration area M*. 
Y= VH,0/ Vy ‘| 0.4 | Lo 2.0 - In making comparisons it should be noted that 
oss} | 0.067] 0 M is greater than = 79.925 ey + (Lis 
ko the length), For uwaniwmn -water lattices, 
sabes (cm?) | 5845/4423 | 3542] 29.4215 however, L? is much less than “iO being equal to 


In addition, in making comparisqns we must bear 
in mind the fact that the value of +4 44 4, obteined 
in the present work is about 1-2 cm®* lower than 70.025 ey: By comparing the values of + 4g ey 70,025 ew 
and M’ it can be seen that the results of the measurements do not agree well among themselves, Direct measure- 
ments of r performed at Oak Ridge by a method similar to ours give substandially higher values for r. 


Since the details of the experiment are not described, it is difficult tw explain the reason for such a 
divergence. In these experiments no account is taken of the multiplication of the neutrons incident on the 
cadmium, As our evaluation has shown, however, this effect is not large. The difference between our results 
and the determination of M? published by Kouts et al. [3] can be partly explained by the fact that in comparable 
lattices different amounts of materials that do not slow down neutrons effectively are used, 


There is some doubt as to the possibility of determining M® from critical experiments and from experiments 
on the artificial “poisoning” and “enriching” of reactors. In the analysis of these experiment either the one-group 
theory, or age theory is used. The validity of these theories in the case of water is doubtful, and the analysis of 
the same experimental results leads to different values of M*.’ 


In conclusion the authors express their gratitude to Professor I. 1. Gurevich for discussions of the results of this 
work, and to V. K. Makaryin A. ‘s Maleev, V. I. Baranov, and B. V. Sokolov, who helped in performing the 


measurements, 
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SCATTERING OF SLOW NEUTRONS BY WATER MOLECULES 


A. F. Goryunov 


Perturbation theory methods are used to calculate the cross section 
for scattering of slow neutrons ( E,, < 0.19 ev) by water molecules. 


The cross section for scattering of neutrons by water has been experimentally determined by Jones and 
Meliconian {1, 2].. The aim of the present article is the calculation of the total elastic and inelastic cross 
section for scattering of slow neutrons by water at room temperature. The scattering cross section is calculated 
on the assumption that the molecules do not interact with each other. For this condition, the inelastic part of 
the cross section arises from energy changes within the separate molecules. In order to clarify the contribution 
of the different states to the scattering, we shall compare the vibrational (3] and the rotational [4] spectra of © 
the water molecules, The energy of the first vibrational level is Ey = 0.19 ev (y = 1595 cm}, and the rota- 
tional energy reaches this value for j = 8 (j_is the rotational quantum number), Therefore at room tempera- 
ture the molecule is in the vibrational ground state; almost no excitation of vibrational levels uccurs, 
since Ey >>» kT. The rotational leve!s at room temperature will obviously have low values of j. In the fol-. 
lowing we shall consider only the scattering of neutrons with energies E << E,. Since for these neutron energies 
the vibrational levels are not excited, the water molecules may be considered rigid rotators, 


In order to calculate the cross section we shall make use of the methods of perturbation theory. In this 
case the interaction of the neutrons with the nuclei of the molecule are described by a Fermi pseudopotential, 
The differential cross section for scaitering do into an elemeni of solid angle dQ in the center-of-mass system 
of the neutron and molecule is then written in the form 


where 4 and ¥, are the wave functions of the initial and final states of the system composed of the molecule 
and the neutron, Ppp is the neutron momentum before scattering, p is its momentum after scattering, M is the 
mass of the molecule, and m is the neutron mass. 


The interaction energy of the neutron and molecule depends on the orientation of their spins (1/20, and 
S, respectively), and can be written in the form [5} 


wh? 
+ (@s41/, — @s_1,) 3 (r — ¥,), 
where re and ag ~yA are the scattering amplitudes ard m® is the reduced mass of the neutron. Let us 
denote the scattered amplitudes of the neutron from the proton in the singlet and triplet states, respectively, 


by ap and a,, and from the oxygen nucleus, whose spin is 0, by a. Making use of (2), let us write the inter- 
action energy of the neutron and the molecule; 


— +44) + (a, — 4,) 8 — — 


* Here and in what follows h stands for Planck's constant divided by 2. 
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where y is the mass of the oxygen atom, and 1/203, and '/g 03 are the proton spins, 


Let us represent the interaction energy in the form of a sum U = U, + U,, where Ug, is the symmetric 
part, and U, is the antisymmetric part with respect to interchange of the proton spins. The symmetric part 
leads to scattering without change of the molecular spin, and the antisymmetric part leads to scattering with 
a spin change. It is easy to see that 


—™ + a4) (a, — 4) 8,8) 
(» +m) ad — 


U.= — (6, — X 


O,+0 
where § = ~——* 


2 is the molecular spin, - 


The initial state wave function in the center-of-mass system of the molecule and neutroa can be written 
in the form 
A(Po. 


where the motion of the neutron and the center of mass of the molecule are described by plane waves, pom 
is the wave function of the molecule about its center of mass, with e the energy quantum number, j the 
angular momentum, m the projection of j on the staticnary axis, and Xm, and xsm, are the spin functions 
of the neutron and the molecule, respectively. For the function ¥¢, a similar expression holds; 


i(pr 
1 


The water molecule is an asymmetric rotator. The wave functions vi of the stationary states of an asym- 
metric rotator can be expressed as a linear combination of wave functions ao) x Which describe the states of 
a gyroscope with definite j, m, and k, where k is the projection of the onan momentum on the moving 
axis, The functions $,) are » identical with the known functions for a symmewic rotator, Thus 


The a Bh. are found fromm a secular equation [6]. In the series exparision (6), as is well known, only 
functions dk with either even k or with odd k enter. In the present case, the numbers e€ are chosen so that 
states with wave functions symmetric in k are ‘characterized by even e, and even values of e/2 corresponds 
to even values of k, whereas states with wave functions antisymmetric in k are those with odd e, and even 
values of (e + 1) /2 correspond to even values of k, 


The wave function must be antisymmetric with respect to the operation of interchanging the protons, 
Let us take the z*-axis perpendicular to the plane of the molecule, and the y-axis through the oxygen atom; 
then on interchanging the protons, the angular part is multiplied [7] by (-1)) + ©, and the spin part, by (-1)8 * 1, 
where $ is the tota! spin of the molecule, Then the requirement of antisymmetry is satisfied by those states 
for which when s = 0, j + e is even, and when s = 1, j + e is odd, 


* Indices referringto the initial state are denoted by lower case letters; the corresponding capital letters 
refer to the final state, 


. 
(4a) 
A 
| 4b 
( ) 
i 
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Averaging the cross section (1) over the initial quantum numbers m, mp, mg and summing over the final 
M, Mp. Mg, which is done similarly as in reference (8), we are led to the following expressions for the cross 
sections without change of spin, and with it, respectively: 


Af 


3a 2s (a,— 


(7a) 
+ 
4 

m, M 

Here we have used the notation | 
(e's + dO, (8a) 
1, = VE dO, 


where the pj; are the distances of the nuclei from the center of mass of the moiecule, and dO= sin a da dB dy, 
here the angles a, B, y are related to the Euler angles by the expressions a = -§ +p, B= 4 —% y =0 


and are chosen so that for y = 0 or g= 0, we get the usual spherical coordinate system. The rest of the 
problem reduces to the evaluation of the integrals entering into the expressions forthe cross sections, Let us 
first consider the cross section do ,, The scalar products qp, and pq in the moving seemed system can 


be written in the form 
= — 9Po8in 7 sin (B+-9,), 
GPs = 9? Sin 7 sin (B— gq), 


where | pa| = |p! = poi = Xo/Yoo Xo = |Pixl=| Pax Yo = —Pryl= 


as =— Pay. Let us expand the difference of exponentials in (8a) in a series ” 
of functions: 
eter: — cite: — — 23x 
(3 (9) 
where 


and J (4p¢) is a Bessel function, 


n+1/2 
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Making use of (8a), (8b), (6), and (9), and expanding the product of the functions 


in a Clebsch-Gordan series [9}, we obtain the following expression for Ig: 


I - (—1)"** Bhe x 


a,k, K 8x 
x BUCS vy (x/ 2, 2)sin Vauti 


— where an is a Clebsch-Gordon coefficient, The summation over m and M is easily performed by making 


use of the orthogonality properties of the Clebsch~Gordon coefficients [9} After a simple calculation, we obtain 


Fin (San )= Bex xin x 


x (k= — fi b=, Dy 


v 
P,. is the associated Legendre polynomial 


Similar calculations lead to the following expression for the cross section: 
Pif_M \*2J+1 
(3a, + -+ 2s (a; —aoP 


X (ar) Fee (e050) MER (005.9%) Fee 0) ] (188) 


JEi-s Pp 2 Gaa) 


x Dd (gp) (sin |. 


( 9) 
. : 
: 
where 
J 
= 
= 
(13) 
s 
ig, 


For transitions of the molecule from the state (j, €, s) to the state (J. E, S), the following selection rules hold: 


(k=0, +14, 

where se=E—e, Aj=aJ—j, s=S—s. 
The total cross section is found by integrating Expressions (13a) and (13b) over the angles. Let us take 

the z-axis along q, and let us introduce the new variable 7 — plkV(p—Po)® * then the integrated 


cross section will be expressed in the following way: 


(14a) 


JEi-s_ 1 4nhM 3 


where we use the notation 


x 

1) = ( J? dz, (15a) 
= 

z | 


x3 
\ 41), (2) dz, (15¢) 
=i 


and we have 
= |p, + pl, 


pot SE, AE=ES—E 


Let us sum the expression for the cross section over the final states: 


JES 
Sieg = 
2 (16) 
and average over the initial states; 
o=A (25-41) (2/44; (17) 
jes 
A= Pe (2s +1) +4). 
jes 
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In order to clarify the role of the initial rotational states, we must find the values of the quantities 
B(j) = (2j +1) De 
for various j, Making use of the values of Ej [4], it is easy to see that B (j) is a maximum at j = 3, 
Below we give the results of numerical calculations of the cross sections as functions of the neutron energy 


E taking into account the states for which j $3, For comparison, we present the experimental data on the scat- 
tering of neutrons by water [1]; the energy E is given in electron volts, and the cross section in barns, 


= . For the amplitudes we take the values ae = 2.34 x 
0.05/0.0 0, 0.035 AY A x 10 “2 cm, a = — 0.52 cm (8), =4°: -10™ 
o 81.2 183.6 [88,0 | 96.0 100.4 | 107.6 cm* (10). 


The calculated cross section is smaller than the 
ejastic| *9-6) 44.6 52.8 (55.6 | 59.6 | 62.4 4.0 experimental one by about 10% This is probably re- 
lated to the fact that the molecular states with j 24 
exp 84 | 92 104 118 are not taken into account, and the interaction of the 
molecutes is ignored, 


In conclusion, the author thanks B, T. Geilikman 
for discussions of the work, and for valuable comments. 
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SCATTERING OF NEUTRONS BY PARA- AND ORTHO-HYDROGEN 


S. 1. Drozdov 


The differential and total cross sections for elastic and inelastic scattering 
processes of neutrons by para- and ortho-hydrogen molecules are calculated in 
this article. In addition two the rotational degrees of freedom of the mciecule, we 
take into account the vibrations of the nuclei in the harmonic approximation, The 
average neutron energy loss to excitation of the molecular levels is determined, 


I 


In reference [1}, the authors treated neutron scattering from para- and ortho-hydrogen, proceeding frem the 
assumption that the molecular vibrational levels are not excited. The hydrogen molecule was thus considered a 
rigid rotator. In the present article, the results of reference [1] are generaljzed to the case of neutron energies 
high enough to excite vibrational levels. For this we assume that the molecular vibratiors may be considered 
harmonic, Then the molecular wave function is of the form 


i 
(r) =Yin (8, ( - e nd 
(1) 


etme 
Here Yin (9, 9) = Qin (COS 9) Vu are the spherical harmonics, the angles  , y determine the 


orientation of the molecule;], m are the angular momentum quantum numbers, r =R+x_ is the distance be- 
tween the nuclei in the molecule (R is its equilibrium value), H,(bx) is a Hermite polynomial, n is the vibrational 


b Mo 


quantum number, 


M is the proton mass, and w is the natural frequency of the vibrations, The 
molecular state is determined by four numbers nlmS, where S is the molecular spin, and is either zero or one, 
According tw the Pauli principle, for a given S only those 1 are possible for which (—)§ = (-y. 


Let the molecule be in its vibrational ground state prior to scattering. Then according to [1], the 
differential cross section for scattering of the neutron through an angle 9, with the molecule undergoing the 


Ss 
transition (0)"S)— (nl i-s) with or without spin change, can be written, in the center-of-mass coordinate system 


(of the neutron and the molecule), in the form 


: 
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i 
j 
i 
4 
: 
. 


Ba, +5 (S-+1) (3— 25) (a, — a4) 


Here a4, ag are the scattered amplitudes of the neutron by a proton in the wiplet and singlet states, respectively, 
In Formula (2) the upper part, that is, cg and the cosine, refer to scattering without molecular spin change 

(S —> S), and the lower part, that is c;_ ¢ andthe sine, to scattering with a spin change (S—® 1-S), The wave 
numbers ot the incident and the scattered neutrons are denoted by k and respectivély; Iq = 


Inserting (1) intw (2), we get 


4 Rone 
m 


ol’s, n1.5 is also conveniently represented in another form, For this, let us 


insert (1) into (2) and use the rules for combination of the angular momenta 1, I’. Summing over.m, m", we find 


The scattering cross section a 


; 


where Ce are the Clebsch-Gordan coefficients. Since Tn #0 only if the sum L+1°+ 1 is even, when 


there is no spin change in the scattering process, L is even; similarly, when there is a spin change, L is odd. 
Therefore 


inte) =V = te) (a). 


Let us also introduce the function 


4 cs a+4 x 
k nl 2" 
01'S, s i-8 
where 
(6) 


where i Lak (x) is the Bessel function of the first kind of half-integral order, QF (x) is a polynomial of inverse 


Qn 
powers of x = Xq + UV; Xe = = 68° . Since the vibrations of the nuclei in the molecule are small, 


bR >> 1, that is x, >> uv, and therefore 


(8) 


Inserting (5) and (8) into (4), we arrive at the integral 


| 


and get 


a 


co. 
0l’s, nly 


where the function j iO n, (*) is determined by Formulas (6) and (7), It would seem that the tennis derived is 


applicable only for n <2, since for higher n the vibrations of the nucleiin the molecule can no longer be 
considered harmonic. 


For E<<ltiw, the vibrational levels are not excited. In this case, we may neglect the zero-point oscillations 
of the nuclei and consider the molecule as a rigid rotator. The formula for the scattering cross section of neutrons 
on a rigid molecule is obtained from (9) for b—» o [1}: 


“o's, nly 8, (6) = 3s (214-1) x [ ca 
(10) 


With 1= Ir, 1 =0 (9) becomes the differential cross section for elastic scattering, which always takes. 
place without molecular spin change: 


ors, vrs (8) = + 1)e vi): x [ ( F (11) 


where q = 2k sin 8 | From Formula (11) it follows that the probability of elastic scattering through large angles 


>1 (0 V is exponentially small; for elastic collisions, the neutrons are scattered mostly 
in the forward direction: 
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= 


‘On the other hand, for inelastic collisions, large angle scattering 1s very probable. Indeed, ifwe put I’ # 1 or 
n = 0 in (9), the function Gall (@) does not vanish and changes slower than the function q(g) in (11). There- 
fore, as can be seen by comparing Formulas (9) and (11), the probability of inelastic scattering through large 
angles is relatively high. This is understandable, as in this case the neutron transfers more momentum on the 
average to the molecule than in the elastic case, 


The total cross section for scattering with transition of the molecule from the state (0 1°S) to the state 


{al Pa fe is derived by integrating (9) over all scattering angles. Changing the variable of integration as follows, 


Gru = — cos 0; 
Qnur = kkny sin 6 dO, 


we obtain 


bs +4 


x (F)xe (ava) ae. (12) 
L IR 


In particular, the total elastic scattering cross section is of the form 


L 


from which it is not difficult to obtain the approximate formula (E >fiw). 


16x 0,577 + 1n 2bR 
Sos, ors ~ + 1) (kR (13°) 


Thus the elastic scattering cross section is inversely proportional to the neutron energy. 


For scattering of slow neutrons (E <<fiw), the molecule can be considered In this case the total 
scattering cross section is of the form 


Pac 
> . 
i 
; 
i 
; 


The integrals entering into (14) are evaluated with the aid of a formula from reference [4] 


8x 21+ 
os, nty5 9 (k 


2( dz--0,5772-4- In 22 —Cidz 


dt; 
IV 


Ciz-= 


R29 


The rotational level spacing is substantially lower than the vibrationa] quantum (ar = 0.00736 ev, 
fiw = 0.546 ev (23) . Therefore if the neutron energy E is greater than the vibrational level spacing fiw, we may 
neglect the effect of the rotational states on the scattered neutron energy: kpjj' *kp; = 


In this case, it is interesting to find the cross section for excitation by scattering of the n-th vibrational level for 
an arbitrary rotational] state: 


Pos, (8) = (6). 


Let us insert Formula (3) into the right side of this equation. In so doing, we represent the square of the integral 
in (3) in the form of a product of two integrals, after which we carry out a sum over I, m, under the integral 
sign, making use of the relation 


(2) (Y) (2) (y) = 8 (y — 2) 
im 


The integrals containing €(y — z)and the Hermite polynomial are simple to evaluate [3). As a result we 
find that the cross section for excitation of the n-th vibrational molecular level for arbitrary final rotational 
state does not depencon the original rotational state 1", and is of the form (suppressing the index 1°) 


Qnz 


In this formula, the upper sign refers to scattering without, and the lower sign to scattering with a molecular spin 
change. Making use of the condition that the vibrations of the nuclei in the molecule are small (bR >> 1), the 

; differentia) cross section for inelastic scattering (15) can be approximately expressed both in the regions of small 
and large scattering angles @, in the form 
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From these formulas it follows that the inelastic scattering with excitation of vibrational levels is related to 


scattering through large angles 99>  £- » as opposed to elastic scattering, which takes place mainly for 


small angles [compare (9) and(11)}. The total inelastic scattering cross section with excitation of the n-th 
molecular vivrational level is obtained by integrating (16) over all scattering angles. An approximate expression 
can be found, however, by integrating Formula (18) over all angles, since the small angle region does not give 

a significant contribution for E >> fiw. We obtain 


from which it follows that the probability of excitation of a vibrational level decreases with its energy. 


For the case when the neutron energy is substantially greater than the vibrational level spacing, we may 
derive a fairly simple expression for the average energy lost by the neutron scattered through an angle g (in the 
common center-of «mass system of the neutron and molecule): 


8, 5, ntr—g (8)) 
(Cot’ g, ntg (9) + g, ntr—s (8)) 


(6) = 


(20) 


2 
where = + 1 (1 + 1) are the molecular levels, and the sum is carried cut over all the 


levels. Inserting Formula (3) into Expression (20), setting we obtain 


he (eg nfs (0) + (9) 
+ 
dfs (8) +¢-8 (8) 


AE (6) = 


(20°) 


cs fs (82) + 4-5 (8) 


The sums in the denominator of this formula and in the first bracket in the numerator are evaluated by a method 


indicated in reference [3]: 


nu (21) 
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8, (0) = +(£y as (1 Fe. ght), (22) 
With the aid of the relation : 


im 


[re 


we may perform the sum 


(23) 


x (1 cosgRz-e 44 ee 


Inserting Relations (21)-(23) into (20°), we find that the average energy loss depends on the original molecular 
rotational state, and is of the form (in the common center-of-mass system) 


SE) = X eg (141 


I(6)= dz olay cos gRz Pat) (qR). 


As was to be expected, the average energy loss vanishes for @ —> 0, since in the small angle region mainly 
elastic collisions take place. The average energy loss is maximum for large angle scattering, which corresponds 
to the angular distributions (17) and (18) for the inelastically scattered neutrons, 


The average neutron energy loss (in the common center-ofmass system) for scattering through an arbitrary 
angle is obtained by integrating the numerator and denom inator of Formula (24) over all scattering angles. In 


this, the small angle region G< * gives no significant contribution, so that | 


hk 
5) 


Thus in the limit of high energy, the average energy loss to excitation of molecular levels is proportional to the 
energy of the incident neutron. This means that for such a high energy, the nuclei of the molecule may be 
considered free. In this case, the average loss AE represents the kinetic energy acquired by the nuclei of the 
molecule after scattering the neutron (in the center-of-mass system of the neuuon and the molecule). 
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If the neutron energy {s not large, so that in scattering only a small number ng of the vibrational levels 
are excited, then the summation over n in Formula (20) should be performed oe Summing over all 
1 in this formula, we obtain 


AE (8) n=0 


n=0 


| 

D,%0s, 

ng (9) + ()) 


(6) is of the form (for 1° = 0): 


A simple expression for this quantity in the region of small and large angles 9, as well as the integral of it over 
the angles, is not difficult to derive by comparing Formulas (26) and (16)-(19). 


The author expresses his gratitude to B. T. Geilikman, N. M. Polievktov-Nikoladze, and A, I. Akheizer 
for discussions of the results of the work. . 
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RELATIVE Pu**® BREEDING RATIO IN NATURAL URANIUM-ORDINARY 
WATER LATTICES 
L. V. Komissarov and V. A. Tarabanko 

Measurements were performed of the quotient of breeding ratios 
in uranium -water lattices and a uranium-graphite lattice at the start 
of conversion, The plutonium breeding ratio in uranium-water lat- 
tices for certain lattice a is larger than in a uranium-graphite 
lattice, 


Introduction 


An important index of the operation of a nuclear reactor which breeds plutonium is the Pu" breeding 
ratio, which is defined as the ratio of the number of Pu™ nuclei (Ng) produced in the reactor to the number 
of consumed U** nuclei (Ng): 


Ns 
At the present time the parameter of uranium-water lattices which are required for the computation of 
the breeding ratio are not sufficiently well known, It is therefore important to verify the results of a com- 
putation by experimental means. 


In the present work we measured the quotient of the breeding ratios in uranium -water lattices and in a 
uranium-graphite reactor whose parameters have been well investigated: 


water water (Ns) graphite 


We studied triangular lattices (with 45,55 and 60 mm spacings) compomd of natural uranium and ordinary 
water as moderator, 


The lattices were composed of avialite tubes 43 x 1.0 mm in diameter containing uranium slugs 35 mm 
in diameter and 100 mm long, The slugs were sheathed in 1 mm aluminum, The experiments were performed 
on physical uranium-water reactors with a natural uranium zone measuring about 1 m (Fig. 1). 


The uranium-graphite reactor had a square lattice with 200 mm spacing. The slugs of natural metallic 
uranium with the same dimensions as in the uranium-water lattices were not provided with aluminum sheath- 


ing. 


Experimental Method 


(Ns) 


water 


1. Determination of 
graphite 
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Fig. 1. Diagram of a physical uranium-water reactor. @ ) channels with enriched uranium 
slugs; © ) channels with natural uranium slugs; @ ) channels with experimental slug. 


It is well known that the production of Pu in a reactor occurs according to the following scheme: 


U8 4. —> 


Since the measurements are relative, the determination of the number of Pu” nuclei produced in a 
uranium slug can be reduced to the measurement of the 6 -activity of U*, In order to determine the relative 
quantity of U*® we used disks of natural uranium 35 mm in diameter and 0.1 mm thick placed between the ends 
of separated sections of a uranium slug (Fig. 2). The experimental slug was inserted into the lattice and irradiat- 
ed with a neutron beam of ~ 10” neutrons / cm/sec. for 30 min. The irradiation times in the uranium -water 
lattices and the uranium -graphite lattice were identical, After irradiation the uranium disk was chemically 
cleansed of fission fragments and of the products of natural radioactive decay of uranium by sodium -uranyl-ace- 
tate precipitation. The purified uranium was pressed into tablets (of ~300 mg/ cm? density) whose B -activity 
was measured with constant geometry by a Geiger counter. The background of natural uranium decay products 
was disregarded since it amounted to only one percent of the measured effect, Measurements of the 8 -activity 
of the purified uranium for 1 to 1.5 hours showed that the half-life was 23.5 + 0.2 min, which agrees with the 


* The effect of Np? consumption during the irradiation period was negligibly small, 
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data of other authors (1). This indicates that the U™ was sufficiently 


(N 
purified of decay and fission products, The ratio No) water _ 

hite 
determined as the ratio of B-activity of tablets obtained from the uranfum 


disks which were iradiated in the uranium -water and uranium -graphite - 
lattices, 


was 


2. Determination of 


(Ns) w 
The depletion of *** has two causes: nuclear fission and radiative 


neutron capture, s~ tha. the ratio we can be given in the form 


. 
(ND 4 Now { at. (t+) 
where Ng is the roms. of U% nuclei undergoing fission and Ny is the 
Fig. 2. Experimenta! uranium number of U5 nuclei involved in radiative capture, 


slug. 1) Paper disk; 2) uranium 
disk; 3) aluminum can; 4) 
background paper disk; 5) sections 
of uranium slug. 


The corrections for this factor, 
(1 +S) 
G 


(14 We 


The experimental determination of the desired ratio was rendered 
difficult by the fact that depletion of = through radiative capture is 
not equal in uranium -water and uranium -graphite lattices, 


were estimated from qualitative data on the spectral composition of neutrons in uranium-water and uraniume 
graphite lattices as well as the known curves for fission and radiative capture cross sections in U™* as a func- 
tion of neutron energy. An estimate of the correction indicated that it is close to unity for all the cases in- 


vestigated. The direct measurement of (Ng /(Ns5) w is possible if pure u™ is used as an indicator, However, 
we were using natural uranium, for which reason it was necessary to make an experimental correction nh for 
fission of ; consequently, in this case the quantities to be determined are 


Np 
i+— 
(4 
ND w 4M 
Nig 
Using these quantities the desired ratio can be obtained from the following expression: 
(: 
Nf 
f 
(Ng + Ne) g 
The rauv was determined by measuring the 6 -activity of fission fragments on paper disks of 35 mm 
(Ng + 


diameter which were inserted between sections of the experimental uranium slug (Fig. 2). The uranium disk for 
the measurement of (Ng)y/ (Nog and the paper disk were inserted into the experiment metal slug and were irradiated 
simultaneously: in the neutron field of the lattice, After irradiation the 6 -activity of the fission fragments was 
measured with a Geiger counter, The measured activation of the paper disks was 3% of the activity of the col- 
lected fission fragments. For each experiment curves were constructed which showed the decay of the activity 
with time N = f (t) (Fig. 3). 
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ADw 


was determined from the relationship of the areas under the B -decay curves of fission fragments in the same 
time interval, The measured 6 -activity of fission fragments will be proportional to the number of fissions with 
the same proportionality coefficient if the fragment yields do not change with changes of the neutzon spectra 
in the lattices, Katkov, using a fission chamber which was described in the paper of Stoliarov et al. [2] found 
that the relationship between the number of fissicns in a layer of natura} uranium and the B-activity of fission 
fragments from natural uranium was constant for all the lattices investigated, 


f f 
\ Ns 


into consideration the different contribution of U™ to 
the fission of natural uranium in uranium-water and 
uranium -graphite lattices, was determined by the method 
described in [2}, 


Thus the breeding ratio quotient can be calculated 
from the following relationship: 


Number of counts per minute, rei, units 


me after end of irradiation, minutes Ny 
Fig. 3. Decay of B~-activity of fission fragments from (1 A Nl) (1+ 
natural uranium, )8-activity of fission fragments Ni G 


collected on paper disk; ) B-background of paper 
disk, 


TABLE 1 


Lattice (Ns) water M) ora, ( graphite P water 
spacin (49) graphite water] ~ Ne graphite 
) graphite (: water 
4,5 17-+4.0,02 0,92 1,98+0,4 
5,5. t 0,98 at 
6,0 i 


Measurements and Comparision with Calculations — 


All measurements and the calculated correction are shown in Table 1. 


The errors shown in Table 1 were calculated from the mean square deviation of the separate measure- 
ments, 


Kunegin and Levina obtained the following formula for the breeding ratio: 


(s*p)s p(i—¢) + PRP 
14. 
i—peps 


| 
; 
| = 
a 


where (0&p), and(o%p)g are the macroscopic neutron absorption cross secttons for U™* and US, respectivelys' 
y 4s the fast fission factor; yy is the resonance escape probability; vg is the number of secondary fast neutrons 
per thermal neutron captured by u™s; v5 is the mumber of secondary fast neutrons per epithermal neutron 
captured by U™5; ps, py are the probabilities that an epithermal! néutron will be captured by uss and U™, , 
respectively, The values of the quotient of breeding ratios calculated by this formula for the investigated 


uranium-water lattices are given in Table 2, 


TABLE 2 
Lattice spacing (cm) | 4.5 5.0 5.5 | 6.0 
Pu/ Py 1.89 1.35 | 1.16 | 1.04 
wanium-g 
\ 
7, 


Fig. 4. Dependence of the quotient of breeding ratios 
for uranium -water lattices on the ratio of the volume 


“water 


of water and uranium A values of 
uranium~graphite 


in a physical uranium -water reactor. The theoretical 
curve is solid, 


A comparison of the data in Table 1 and Table 2 
shows that the experimental values of the quotient 
of breeding ratios is in satisfactory agreement with the 
calculated values (Fig, 4). 


The measurements show that in uranium-water 
reactors it {s possible to obtain a higher plutonium 
breeding ratio than in vranium-graphite reactors, 


The authors wish to thank V. L Mostovol, M. B. 
Egiazarov, V. P. Katkov and G. A. Stolyarov for their . 
participation in a discussion of the results.’. 


Note: No literature references were given in the 


original 
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THE RATIO OF THE AVERAGE FISSION CROSS SECTIONS OF Pu**® and u*** IN 
URANIUM-WATER LATTICES 


V. P. Katkov, Yu. V. Nikolsky and G. A. Stoliarov 


The ratio of the average fission cross sections of Pu and U™® is determined 
for lattices consisting of natural uranium and ordinary water. For comparison the 
same ratio was measured for a uranium-graphite reactor. It was found that the 


_Tatio Shu / af, for uranium -water lattices with spacings of 45, 50, 55 and 60 mm 
and for a uranium-graphite reactor with 200 mm lattice spacing are 2,24, 1.99, 188 
and 1.79, respectively. 


Introduction 


The important quantities which determine the physical properties of a reactor are averaged over the 
neutron spectrum of the fission cross section for the elements used as nuclear fuel, 


In this article we oe pac pe ac performed for the purpose of determining the ratio of the average* 
fission cross sections of Pu in uranium -waier lattices and in a uranium-graphite reactor. 


The experiments were performed on a physical. uranium-water reactor which consisted of two zones, The 
central zone contained slugs of enriched uranium, while the peripheral zone contained slugs of natural uranium. 
The slugs (of 35 mm diameter) of both natural and enriched uranium in aluminum cladding were placed in 
avialite tubes. The tubes were loaded with uranium slugs to a height of 2.5m. We studied triangular lattices 
with spacings of 45, 50, 55 and 60 mm. The measurements were made in the natural uranium zone. ~ 


The lattice of the uranium-graphite reactor was body- -centered with 200 mm spacing; the slugs of natural 
uranium were of the same diameter as above. 


Experimental Method 


The ratios of the average fission cross sections of Pu and U™ can be obtained, as will be shown below, 
from the § -activity ratio of fission fragments ejected from the layers of plutonium and uranium in the lattice, 


Films weighing ~ 0.5 mg were deposited electrolytically on disks of nickel foil 35 mm in diameter and 
0.05 mm thick. Quite pure isotopes of plutonium and uranium were used. For safety of operation and in order 
to prevent mechanical damage to the films both films were covered with a lacquer thin enough to ensure the 


escape of a large fraction of the fission fragments. Special attention was paid to the uniformity of thickness of 
the films prepared in this manner, 


The fission fraginents were collected on disks of filter paper ” mm in diameter and ~ 0. 15 mm thick 
placed in contact with the films. 


* By average fission cross sections we mean cross sections which have been averaged over the neutron spectrum 
and taking into consideration the changes according to the radius of the slugs, 


. 
3 54 355 
ia 
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Fig. 1. Position of and U™ films ina slug of 
uranium. 

1) Uranium slugs; A. sealed aluminum holder; 

3) U™ film; 4) Pu” film; 5) paper disk to collect 
fragments of Pu; 6) paper disk to collect fragmens 
of U™*; 7} 15 » copper foil to shield indicator from 
uraniwn fission fragments; 8) paper “background® 


Fig. 2. Decay curvesof 8 -activity of fission 
fragments from Pu~® and 

N) Activity of fission fragments (pulses/min); 

t) time after irradiation (min.); 1) 6 -activity of 
Pu™ fission fragments; 2) 8 -activity of - 
fission fragments; 3) B-activity of “background” 
disk. 
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The plutonium and uranium films and three 
paper disks (one was a “background” disk to record _ 
the activation of the paper in the neutron field) were 
placed in a slot in a uranium slug (Fig. 1), and 
irradiated in the lattice for 15 minutes. The 8 -activity 
of the paper disks was measured successively with a 
Geiger-Miller counter, The measurements were begun 
20 minutes after irradiation and continued for 30 
minutes, 


Figure 2 illustrates the decay curves of 8 - 
activity of plutonium and uranium fission fragments and 
of the paper “background” disk, 


Treatment of the Data 


Nea = Wear (0) (0)d0 = 


- experimentally measured quantity was the 
ratio rg which was determined as the ratio of the 
areas under the § -activity decay curves of Pu™ and 
u* fission fragments. The activity is associated with 
the number of fissions in the films by the following 
relationships: 


Npa= 


where Npy and Ny are the numbers of fissioning 
nuclei of plutonium and uranium in the films, which 


are given by 


= Weusbu n(v) 0 do, 


Nu= 


West 


Here Wp, and Wy, are the numbers of nuclei of plutonium and uranium in the films; N(v) is the average density 
of neuwons in the slug (with velocity v), which can be obtained from 


R 

rn dr 
n(v)= 

J 2x rer 
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; R is the slug radius; apy and a y are the proportionality coefficients between the number of fissions in the film 
and the - activity of the fission fragments, 


From (2) the ratio of the average cross sections is obtained: 


thy Wy Npy 
= 


; Using (1) we obtain: 


where 


Thus, in order to determine the cross section ratio it is necessary to know the corresponding value of B. 
When this coefficient is independent of the neutron spectrum it is sufficient to obtain it from some known 


spectrum. This can be done by using the relationship bu _ a> , The ratio za, 3 obtained experi- 
mentally and the ratio ra by calculation. This experiment was performed in a 150 x 150 x 250 cm 


A 
graphite prism combined with the reflector of the uranium-graphite reactor. — was measured at a point 


130 cm from the core, The reflector had a thickness of 80 cm, The neutron spectrum in the prism was assumed 
to be close to the Maxwellian spectrum at neutron temperature 285°K. chy/of, was calculated from the 


known curves of plutonium and uranium fission cross sections. It should be noted that for our calculation detailed | - 
knowledge of the neutron spectrum was not required, since in this energy region the plutonium and uranium cross 


sections follow the 1/v law approximately. We assumed O29 = 720 barns and o235 = 580 barns for neutrons with 
2200 m/sec velocity. 


' The value obtained for B for the neutron spectrum in the graphite prism was 1,70 0.04, 
We studied experimentally the dependence of B on the neutron spectrum. 


As can be seen from (3) the cross section ratio of plutonium and uranium fissions can be determined by an 
ionization chamber which records the number of fissions directly. For this purpose we must know the ratio of 
the quantities of fissionable substances in the chambers, But for the calculation of the spectral dependence of 


B this ratio is not required, since for this purpose it is sufficient to determine the relative change of af 


with the lattice spacing, from values obtained by the above-described method with an ionization chamber. From 
the identical dependence of these quantities on the lattice spacing we can conclude that B is constant in the 
corresponding spectral range. a 
We compared® the relative changes of oy : obtained by the methods indicated in lattices with 45 
and 60 mm spacings; B is independent of the neutron spectrun in these lattices with an accuracy of 4% 


* For this purpose we used a double ionization chamber with Pu and U™ films. The construction of this 
chamber was similar to that described by Stoliarov et al. in the paper "Method of Measuring Fast Neutron Muld- 
plication Factors in Uranium-Water Lattices” (Reports at Conference of the Academy of Sciences USSR on the 
Peaceful Uses of Atomic Energy, 1955), 
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In using experimental results for all of the lattices studicd we shall hereafter assume for B the value 
1.70 0.04. 


Measurements and Results 


A 
As indicated earlier, the quantity ae. was measured in the natural uranium zone. When this zone is of 
Ay 


limited size (~ 50-60 cm) it is important to make the measurement in a region which will not be influenced by 
the boundary, Then the measured value will characterize the lattice. For this purpose the measurements were 

made at several points along the radius of the zone. It appeared that at 20 cm the boundary effect practically 

disappears, This was confirmed by control experiments which increased the size of the natural uranium zone to 
70-80 cm. The final results given in the table were obtained by averaging the data at three points in a region 

where the measurements did not change as the natural uranium zone was enlarged, 


Experimental Results® 


{Location of | Lattice 


measure- spacing 
ments (mm) 


Graphite 


1,3740,02 ** 
prism 


Uranium- 


graphite 


45 
water 

; ,17+0,01 ,99+0 
lattices Fig. 3. Ratio of average and U™ fission cross 
sections as a function of uranium-water lattice spacing, 


* These values pertain to a reactor whose lattice Prate sections; a is the lattice spacing in mm; 


** Calculated value. 


is the ratio of average plutonium and 


“vy, is the ratio of the volumes of water and uranium — 
Vu 
in a lattice cell. 
The dependence of the ratio of average fission cross sections for Pu and U™ on the spacing of uranium- 


water lattices is shown graphically in Figure 3. It follows from the curve that - in a uranium-water 
lattice with 45 mm spacing reaches a value of 2.2, i.e., it exceeds by more than oze and one half times the 
value of the same ratio for a Maxwellian spectrum (Tpeytrons = 285°K) and exceeds by 30% the ratio obtained for 
a uranium-graphite reactor, It should also be noted that the neutron spectrum in all the uranium-water lattices © 
which we studied except that with 60 mm os is harder than the neutron spectrum in the uranium slugs of 
the uranium -graphite reactor, 


‘Further studies will enable us to determine in greater detail the characteristics of the neuton spectrum in 
uranium -water lattices. 


In conclusion the authors wish to thank E, S. Antsiferov for much inne assistance, 
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THE POSSIBILITY OF PRODUCING THERMONUCLEAR REACTIONS 
IN A GASEOUS DISCHARGE®. 


1.V. Kurchatov 


Of foremost significance among the more important problems of modern engineering science {fs utilization 
of the energy of thermonuclear reactions, Physicists the world over are attracted by the extraordinarily interest- 
ing and very difficult task of controlling thermonuclear reactions. 


Investigations in this field are being carried out by Academician Artsimovich at our Institute. A leading — 
role in the theoretical investigations has been played by Academician M.A. Leontovich* *, 


As is known, thermonuclear reactions can arise if the temperature of matter is sufficiently high for atomic 
nuclei to surmount the forces of the Coulomb barrier with appreciable probability during thermal collisions. The 
excitation of thermonuclear reactions in deuterium or in a mixture of deuterium and witium fs especially fnter- 
esting since in this case a noticeable effect should be obtainable at relatively low temperatures, 


Physics is indebted to the founder of nuclear physics, Ernest Rutherford, for information regarding the inter- 
action of deuterons, In one of his last investigations Rutherford studied the nuclear reactions that occur when two 
deuterons collide. It was difficult to suspect at that time that the new facts discovered by him would help realize 
our hope of mastering the energy sources of the hot interior of the sun and distant stacs that shine overhead, 


The intensity of thermonuclear reactions in deuterium should increase rapidly with en up to sev- 
eral Fillion degrees, 


Some idea of the conditions under which thermonuclear reactions should be experimentally observable can 
be obtained by considering several concrete cases. In deuterium at densities equal to that of a solid body under 
normal conditions a temperature of 2 x 10° °C would be required to obtain 1 neutron/sec/g of deuterium. In 
highly rarefied deuterium with a concentration of about 10” atoms/cm® a temperature of about 5x 10° °C eat \ 
be required to produce the same effect in a gram of deuterium, which would occupy a volume of 36,000 m’*, 


Thus, even to approach the threshold for production of thermonuclear processes the temperature of matter 


must be raised to a very high level. At such temperatures and under sieenneniee conditions the deuterium should 
be an almost totally ionized plasma, 


The amount of energy that must be concentrated in the plasma to raise its temperature to a level sufficient 
for the production of intense thermonuclear reacticns should be comparatively small, Thus, the amount of ther- 
mal energy necessary to raise the temperature of 1g of deuterium to 10° °C equals only a few kilowatt-hours. 
This is abort the same amount of energy required to bofl water in a large family samovar. 


Therefore, if one were able to devise a method of heating the plasma with practically no thermal losses, 
even a low-power energy source could be used to induce intense thermonuclear processes. The main problem is 
to exclude heat losses, which rapidly increase with the temperature since the thermal conductivity of the plasma 
is proportional to T% If matter is heated to a temperature of only several tens of thousand degrees in the ab- 


sence of thermal aeaaenien the losses will be so great that further increase of temperature will be practically 
impossible, 


“Lecture given April 26, 1956 at the British Atomic Energy Research Establishment at Harwell, England, 
* *Some works of L.A, Artsimovich and M.A, Leontovich appear in this issue, 
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There {s another obstacle that arises when dense substances are heated: one must overcome the enormous 
mechanical forces that result from increase of the pressure with temperature, On heating initially solid or liquid 
deuterium we find that already at T = 10° °C the pressure exceeds 10° atmos. Therefore, thermonuclear reactions _ 
can be induced only during a very short period of time in dense substances and such a process will always resem- 
ble an explosion (which, however, may not be dangerous) or a brief pulse. 


On considering the various ways of generating intense control- 
lable thermonuclear processes one finds that there fs a number of di- 
rections that can be taken in attempting to solve this problem. 


On the one hand, there are the approaches that lead to station- 
ary thermonuclear reactions, and on the other hand, those that are 
based on the idea of utilizing an instantaneous temperature rise in 
transient processes of very brief duration, However, irrespective of 
the way the investigation is carried out, there is one problem that is 
inevitably encountered; namely, the insulation of the plasma, which 
is heated to a high temperature, from the walls of the vessel in which 

_ it is confined, In other words, a means must be found to keep the fast 
particles within the plasma over a period sufficient for the particles to 

Fig. 1, The general form of the have a good chance to react with each other, 

variation of the current and volt- 


One of the ideas proposed in connection with this problem was 
age in pulse discharges, and the that of using a magnetic ficld for thermal insulation of the plasma. 
neutron pulse that accompanics Academicians Sakharov and Tamm were the first to point out 

the discharge. possibility in 1950, 


In a sufficiently strong magnetic field, electrons and fons can move freely only along the lines of mag- 
petic force, In a plane aormal to these lines of force the particles will move along circles of small radius, The 
positions of the centers of these circles can vary only as a result of collisions, each collision displacing the cen- 
ter by a distance of the same order of magnitude as the radius of curvature of the particle trajectory. If the ra- 
dius of curvature of the trajectory is small compared to the mean free path, diffusion of the particles and ther- 
mal conductivity of the plasma in the plane normal to the magnetic field will be greatly diminished. The 
theory of the processes taking place in completely ionized plasma indicates that at high field strengths H and 
high temperatures the transverse thermal conductivity coefficient is inversely proportional to H* and is many 


orders of magnitude less than the value found in the absence of a magnetic field, However, under these con- 
ditions radiation lossés must be considered, 


Fig. 2, Oscillogram of current and voltage in a _ 


Fig. 3. Osciilogram of current and voltage in a dis- 
discharge in deuterium, Vp = 40 kv, P= 0.2 mm Hg. 


charge in deuterium, Pg= 0.2 mmHg, Vp= 40 kv. 


The magnetic field required to provide the thermal insulation can be produced by passing a sufficiently 
intense current through the plasma, The current will also heat the plasma as a result of Joule losses and of the 
work of electrodynamic forces, These considerations were the basis for carrying gut theoretical and experimen- 
tal studies of the physical processes that occur when intense cuztents pass through a plasma, 


We shall first examine the principal thcoretical concepts that preceded the experimental work, When a 
current is passed through a plasma the latter should contract under the action of electrodynamic forces ( attrac- 
tion of parallel currents), An increase of the plasma temperature should follow, If a contracted coiumn of the 
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plasma {s detached from the vessel. wall as a result of clectrodynamic contraction ( "pinch" effect) {ts tempera- 


ture may be estimated from the condition that the pressure of the fonized gas fs balanced by the oe 
forces, 


A simple computation shows that in such quasi-stationary contraction processes the plasma temperature 
should increase proportionally to the square of the current. As ts known, if the electrons and ions are in thermal 
equilibrium the plasma temperature can be expressed by the equation: 


T =1°/4Nk 


where I is the curent expressed in electromagnetic units, N is the number of particles of a given sign per centi- 
meter length of discharge tube, and k is the Boltzmann constant, Investigation of the conditions for thermal 

equilibrium showed that for N ~ 10” the electron and ion temperature should be practically identical. At ap- 
preciably lower values of N only the electron temperature will increase, 


A contracted plasma column detached from the 
walls can exist only while the discharge current is 
building up. If the current is constant the column will 
disintegrate and come in contact with the walls, 


It is evident that a thermonuclear reaction with 

a constant yleld over an appreciable period of time 

cannot be produced by passing a current through a 

plasma, In principie, it should be feasible to period- 

ically heat the plasma and induce thermonuclear re- 

nl actions in phase with the peak current. Calculations 
of the expected thermonuclear effect led to the follow- 
ing result, which at first glance may seem paradoxical. 
It was found that during a single heating cycle the total 

- number of elementary nuclear interactions for a given 
value of the peak current should be independent of the ~ 
duration of this cycle, Thus, it seemed that it should 
he possible to excite very intense thermonuclear re- 

_ actions by sending pulse discharges of very short dura- 
tion through deuterium if the current was sufficiently . 
large. Theoretical calculations indicated that even a 
current of 300 kiloamps should be sufficient to produce — 


Fig. 5. Photograph of the development of discharge an observable emission of neutrons of thermonuclear 


: th - 
in deuterium for a presure P,=10 mm Hg, The origin. At currents of several million amperes the emis 
. sion should be very intense. Such were the theoret- 
ical predictions that preceded the experimental work, - 
spacing is 45 mm, The scale of the photograph is Pr Pr " 
1 psec = 18 mm, Imax = 1.2° 10° amps. T/4=9,5 Further development of concepts regarding the 
usec, The diameter of the chamber is 180 mm, nature of the processes occurring in a plasma during the 


passage of an intense current was profoundly influenced | 
by the new facts discovered during experimental investigation of intense pulse discharges. These results com- 
pletely altered the character of the picture created by the initial theoretical efforts. 


Experimental investigation of intense pulse discharges was carried out in a broad range of the parameters 
characterizing the initial discharge conditions.* Discharges through hydrogen, deuterium, kelium, argon, xenon, 
and gas mixtures ( deuterium-helium, deuterium-argon, deuterium-xenon) of various relative content were 
studied, The measurements were carried out at initial gas pressures ranging from 0.005 mm Hg to 1 atmosphere, 
The basic experiments were performed with straight discharge tubes, The length of the discharge gap varied 
from several centimeters up to 2 m and the diameter from 5 to 60 cm. The discharge was produced by a voltage 
of several tens of kilovolts, The peak current varied from 100 kiloamps up to 2x 10° amps, the rate of build-up 
of the current lying between 10” amp/sec and 10” amp/sec. The maximum instantaneous power released in 
the plasma in these experiments was as much as 40 x 10° kw. 


*In England, pulsed discharges in gases have recently been investigated by LD. Craggs and his collaborators, 
S.W. Cousins and A.A, Ware, and others, 
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Banks of high-voltage condensers were used to produce the discharges, The leads that carrled the current 
from the condenser to the discharge gap were designed to keep the parasitic {inductance of the electric circuit 
to a minimum since this factor resuicted the magnitude of the current and {ts rate of growth, For a voltage of 
50 kv and total capacity of the condenser bank of several hundred pf, the parasitic inductance of the circuit 
and switch was only 0,02-0.03 yh (in those cases when the current growth was maximal), j 


Oscillogra phic methods of measurcmentof the main parameters characterizing the state of the plasma 
during passage of a current were developed and these were used to mew | the {ntense pulsed discharges. Besides 
oscillography, ultra-high-speed moving-picture cameras ( up to 2 x 10° frames/sec) were used as well as pho- 
tography by aid of Kerr cells supplied with special electroexplosive types of shutters. 


In addition to the discharge current and voltage, oscillograph records were also made of the intensity of 
separate spectral lines from the plasma, of the neutron and X-ray intensity, of the magnitude of pressure pulses 
measured with the aid of piezoelectric elements, and also of the instantaneous magnitude of the magnetic and 
electric field strengths at various points within the plasma, The magnetic and electric fields were measured with 
small probes in the form of miniature cofls, loops, or needle electrodes of various shapes that could be placed 

at varfous points within the discharge vessel. 
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Fig. 7. Photograph of deuterium discharge made with 
Kerr cell 2.2 psec after discharge began, Exposure 
0.2 psec. Initial pressure 1 mm Hg; distance between 
electrodes, 40 mm. 


Fig. 6. The instant of contraction of the discharge 
column, The exposure time is 0.2 psec. The dis- 
charge is in deuterium at a pressure Pp = 1 mm Hg. 
The interelectrode distance is 45 mm, and the . 


anes tami te tein. Space limitations do not permit me to give a 


detailed account of the numerous results obtained in 
this serles of experiments. I will therefore report only 


' a stnall part of this experimental material, 

\ Of greatest interest is the first phase of the dis- 

| charge during which the plasma current rises from zero 
TT to the peak vale. In the experiments discussed here - 
2 this phase lasted from 3 to 30 psec, At the beginning 


of the discharge, after breakdown of the gas, a smooth 
increase of the current and voltage in the discharge 
Fig. 8. Distribution of current density across the gap takes place, After a certain period of time a 
discharge tube at various times, ' sharp decrease of the voltage occurs. At the szmme 

, ‘time a more or iess pronounced kink can be seen on 
the current oscillogram (see Fig. 1, which {llustrates the general nature of time variation of the current and 
voltage; see alsc Figs. 2 and 3), After the first drop the voltage began to increase rapidly and then dropped 
sharply again, This second voltage decrease was paralleled by the appearance of a new kink on the current 
oscillogram, In some cases, three consecutive sharp changes in the otherwise smooth variation of the current 
and voltage were observed at the first stage of the discharge, 


These characteristic features of high-current pulse discharges are especially pronounced when the discharge 
takes place in gases of Low atomic weight (hydrogen, deuterlum, helium) and at low initial pressures. 
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When the rate of current build-up fs of the order of 10" amp/sec, the interval between breakdown of 
gas and appearance of the first voltage drop fs several microseconds, a 


This time interval fs a regular function of the parameters characterizing the initial conditions of the dis- 


charge, For a given discharge-tube diameter it varies approximately as the fourth root of the gas mass per cen- 
timeter length of the discharge gap, 


Inductive reactance is much larger than ohmic resistance in pulsed discharges in which the current in- 
creases at a high rate, Thus, by using current and voltage oscillograms one may find the time dependence of 
the inductance of the plasma column and hence determine how the radius of the column changes at various 
stages. An analysis of this type shows that in all cases the very first stage of the process is featured by an in- 
crease of the inductance due to contraction of the plasma towards the discharge-tube axis, The speed of con- 
striction of the plasma increases with the initial current build-up rate (that is, with the derivative di/dt) and 
decreases with the gas density, At the instant when the kink on the current oscillopram appears and a sharp 
drop in the potential is observed, the inductance begins to decrease, This means that this time corresponds to 
maximum contraction of the plasma filament, This situation is followed by a rapid expansion of the plasma 
filament, If a few kinks are observed on the current oscillogram, it means that successive contractions and ex- 
pansions of the column take place, . 


These conclusions, which were obtained by analyzing current and voltage oscillograms, are confirmed by 
data obtained by applying ultra-high-speed cinemaphotography of pulse discharges in tubes with transparent 
walls, On Fig, 4, are shown four successive frames of a moving picture of a pulse discharge in deuterium at a 
pressure of 0.1 mm Hg and peak current of about 200 kiloamp, These pictures were taken at intervals of 0.5 
fisec and refer to only a very small period of development of the process, which corresponds to the time of the 
current and voltage break, The plasma-column minimum diameter corresponds exactly to this time ( the mov- 
ing picture frames were synchronized with the current and voltage oscillograms). 


Figure 5 was obtained by using a moving-picture camera for continuous photography. In this method a 
narrow slit perpendicular to the axis of the discharge tube subtends a small segment of the discharge gap whose 
image is swept across the film with a high speed, As a result, a continuous picture of variation of the diameter 
of a small segment of the plasma column was obtained on the film. The photograph shown here was obtained far 
a discharge in deuterium with a peak current of about 10° amperes. The initial gas pressure was 10 mm Hg, 

The time of maximum contraction and the further development of the process are clearly visible, 


‘ Fhotographs of the contracting plasma column obtained with a Ker cell are shown in Figs, 6 and 7, 


Valuable data on the maia physical processes occurring in intense pulse discharges can be obtained by 
measuring magnetic and electric field strengths in the plasma, Magnetic-field measurements permit one to 
draw the following picture of current distribution in the plasma: directly after breakdown, the current-conduet- 
ing region is a thin cylindrical layer adjacent to the discharge-tube walls, The inner boundary of this layer 
moves at first slowly and then more rapidly toward the axis, After a certain interval of time the current fills 
the whole tube as a result of movement of the inner current boundary, The time at which the current reaches 
the axis practically coincides with. the time of appearance of the first kink on the oscillogram. The current 
density near the discharge axis at this time is several dozen times greater than the mean current — over the 


cross section of the tube. On subsequent expansion and contractions the current density remains very high in a 
central region of several centimeters in diameter although fluctuations are appreciable. 


The current density distribution over the cross section of the discharge tube at various times is shown 
schematically in Fig. 8. The current density distribution at the very first stage of the discharge is shown in the 
left figure. The second one refers to the time at which the current was moving towards the axis. The distri- 
bution after the first contraction of the plasma column is illustrated in the right figure. An interesting feature 


of this stage of the process is that in a certain zone of the discharge the current reverses its direction. 


The velocity of the ionized gas is the quantity directly characterizes the dynamics of a pilse dics dis-. 
charge, In a plasma of sufficiently high conductivity this velocity is determined by the ratio between the long~- 
itudinal electric field strength E and the magnetic field strength H 


v=cE/H 


Measurements of E and H indicate that in a pulse discharge with rapid growth of current the radial velocity 
of the plasma may be very high, In the experiments described here the maximal velocity during contraction and 
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expansion of die plasina column in rarefied gascs was found to reach hundreds of kilometers per second, This 
signifies that the kinetic energy of the drift of the plasma ions ts of the order of several hundred electron volts, 


One of the most interesting cffects observed in intense pulse discharge in light gases is the appearance of 
penctratung radiation, In 1952, soon after experiments with pulsc discharges were started, it was found that at 
sufficiently high currents the discharge in deuterium becomes a source of neutrons, 


The first experiments performed with the aim of studying this phenomenon showed that neutrons appear 
when the poak discharge current is 400-500 kiloaimp and the initial deutcrfum pressure is about 0,1 mm Tig. 
The neutron emission was observed in a relatively narrow pressure range and its intensity rapidly increased with 
increase of the applicd voltage, i.c., with increase of the peak current, In these first experiments the radio- 
activity induced in a silver target embedded in a paraffin block blaced near the discharge tube served as the 
neutron detector, A possible explanation of this phenomenon was that the neutron emission resulted exclusively 
from collisions between the accelerated deuterons and deuterium adsorbed by the electrodes on tube walls; 
however, control experiments did not confirm this explanation, 


At the early stages of investigation it was quite 
ee natural to assume that the neutrons resulted from ther- 
monuclear reactions in the plasma heated to a high 
temperature, This was exactly what was expected 
from the beginning and the fact that the effect was 
detected under conditions that completely corresponded 
to the a priori theoretical predictions seemed to speak 
in favour of this viewpoint, The behavior of the neu- 
tron radiation (its dependence on pressure and custent) 
observed in the first experiments qualitatively agreed — 
with the assumption that the phenomenon was due to 
a thermonuclear mechanism, However, serious doubt 
concerning the correctness of this assumption soon began 
Fig. 9. OUscillograms of the current and the neutron to appear, This happened after it was found that neu- 
pulse ior a discharge in deuterium with V» = 40 kv trons can be observed at comparatively small peak dis- 
and Py = 5*10~ mm Hg. charge currents, of the order of 150 kiloamp. Accord- 
ing to the initial calculations the intensity of the ther- 
monuclear reaction at currents of 150 kiloamp should 
be practically zero, 


In subsequent experiments the neutrons were recorded with a scintillation counter fed to an oscillograph, 
It was found that the neutrons were always emitted when the second kink appeared on the current oscillogram, 
i.e,, at the moment when the plasma was subjected to the second contraction (Fig. 9). No neutrons were pro- 
duced during the first contraction, 


The neutrons were always emitted as short pulses with a steep front, The rise time of the pulses was sev- - 
eral tenths of microseconds, The chief results of the oscillographic investigations were not consistent with the 
initial assumption that the neutron emission is the result of quasi-stationary heating of the plasma during which 
the temperature increases proportionaliy to the square of the current, 


Further investigations yielded new interesting facts pertaining to the plasma neutron radiation, In partic- 
ular, it was estabJished that in specially designed discharge tubes the neutrons could appear at fairly high deu- 
terium densities, as much as several tens of millimeters of initial pressure. This fact signified that the neutron 
emission was certainly not a trivial effect. 


It was found that not only neutrons but hard X-rays as well were produced in pulse discharges. nena 
X-rays were found when large currents were passed through hydrogen, deuterium and helium, The radiation pro- 
duced by discharges in deuterium always consisted of short spurts, The pulses due to the neutrons and X-ray 
quanta always appeared simultaneously on the oscillograms, The energy of the X-ray quanta produced in pulsed 
electrical processes in hydrogen and deuterium reached 300-400 kev. It is noteworthy that at the time of emis- 
sion of such high-energy quanta the voltage applied to the discharge tube was only about 10 kv, 


Theoretical analysis of the complex phenomena that occur in the plasma of a pulse discharge oscillating 
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under the action of electrodynamic forces fs still at such a stage that quite a number of facts remain to be ex- 


plained, However, the general picture of the process is gradually becoming clear and some of the peculiarities 
of the pheuomenon seem to have been sufficiently elucidated, 


It is now clear that contraction and expansion of the plasma are not quasi-stationary processes character- 
_ized by equilibrium betwecn the external and internal pressures. 


In the equations describing the dynamics of a pulse discharge the main term {s that which accounts fer 
momentum changes in the fonized gas due to magnetic pressure. Thus, the kinetic energy of the ordered me- 
tion should at some stages of the process greatly exceed the thermal energy concentrated in theplasma, 


At the initial stage of the discharge the internal pressure in the plasma fs very low; thus the electrody- 
namic forces produce acceleration along the radius towards the discharge-tube axis, Thus, the work of the el- 
ectrodynamic forces is not expended in raising the temperature but in imparting kinetic energy to the converg- 
ing plasma layer, At this stage the discharge tube operates as a peculiar type of accelerator in which the par- 
ticles are driven by the magnetic field. Since charged particles will move with the same velocity irrespective 
of sign, the kinetic energy acquired by the ions will be quite large, whereas that of the electrons will remain 
effectively constant because of their small mass, From the viewpoint of gas dynamics, the contraction process - 
should be considered as a phenomenon in which a cylindrical shock wave converging towards the axis is pro- 
duced in the plasma, At first, the gas located before the inner wave front is not ionized, When the wave begins 
to move the gas is carried along together with the charged particles of the plasma and its atoms simultaneously 


become ionized, The amount of matter that begins to move therefore gradually increases and the total amount 
of ions and electrons in the plasma increases rapidly, _ 


The duration of the contraction phase can be determined by calculating the velocity acquired by the con- 
tracting gas. It was found to be approximately proportional to (M/V,")"*, where M is the mass of gas per urlft 
length of discharge tube and Vg is the initial voltage, This dependence is exactly what one finds experimentally 
for the interval between breakdown and appearance of the first kink in the current oscillogram, 


The final stage of cumulative contraction sets in when the plasma accelerated by the magnetic field 
‘reaches the axis, At this instant a great part of the energy of ordered motion changes into heat and the pres- 
sure and plasma temperature sharply increases, During maximum contraction, the plasma temperature may 
be of the order of 10° °C, The nature of the processes occurring during maximum contraction is hot very clear, 
but aftet maximum cumulation a diverging shock wave should appear to drive the plasma towards the walls, 
Inside the outgoing wave there should be a rarified zone, Under the action of elctrodynamic forces that tend 
to compress the current, the outgoing wave should be decelerated rapidly and a new phase of contraction should 
ensue. This stage differs from the first in that the density in the ianer region of the discharge is small and the 
gas in this region is probably almost completely ionized. As a result, during the second contraction, conditions 
are produced that are favorable for accelerating in the longitudinal electric field a certain group of ions and 
electrons located near the discharge axis, i.e., in the region in which the magnetic field is small. One may 
note here a certain analogy with the accelerating mechanism proposed by Fermi in his theory of origin of cos- 
mic rays. A plasma of high conductivity will move together with its magnetic field, and with respect to par- 

"ticles located in the inner zone it will be equivalent to a converging magnetic wall from which the enclosed 
electrons and ions repeatedly will be reflected, their energy increasing after each reflection, Acceleration of 
ions and electrons in the longitudinal electric field near the discharge axis is possibly the explanation for the 
appearance of neutrons and penetrating X-rays, The electric field strength during the second contraction may 
be very high, It can exceed the instantaneous external voltage applied to the discharge tube by a large factor, 


However, it must be mentioned that not everything in this acceleration mechanism is yet clear, Under 
certain conditions acceleration of ions in a longitudinal electric field may also be possible outside the central 
zone of the discharge due to the presence of space charges, Some types of instability that are peculiar to the 

. column may play an important role in accelerating particles in the plasma, In particular, one type of instabil- 
ity observed experimentally may be of importance for the acceleration of electrons, It consists of spontaneous 
creation of a longitudinal magnetic field in the plasma as a result of spiraling of the plasma column, 


If the second contraction is followed by the few more radial oscillations of the plasma column, the ac- 
celeraiion of the particles may be repeated several times, Experimentally not more than three successive os- 
cillations have been observed, A possible explanation of this,however, is that the plasma may begin to interact 


with the discharge-tube walls with the result thet the wall material — to evaporate and apprectable amounts 
of foreign gases appear {n the volume, 


bd 
. 
5 
f 


We considered here some features of the phenomena that accompany the passage of intense pulse discharges 
through rarefied gases, The success of further work in this direction will greatly depend on the possibility of cre- 
ating conditions under which the plasma column will experience multiple oscillations during build-up of the 
current without coming into contact with the walls, eee iter: there are serious reascns to believe that this 
cannot be echicved, 


On appraising the various approaches to the problem of obtaining intense thermonuclear reactions, we do 
not deem it possible to completely exclude further attempts to attain this goal by using pulse discharges, How- 
ever, other possibilities must also be carefully considered, Especially interesting are those in which stationary 
may be used, 


An English translation of this report was distributed at Harwell by 
the Soviet scientists visiting England. This translation has been 

| verified by the Consultants Bureau Staff. and some — modi fi- 
cations made. 


The Kurchatov lecture, together with comments by American 
and British physicists and government officials, was published 
in Nucleonics, June, 1956. 
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INVESTIGATIONS OF PULSE DISCHARGES AT HIGH CURRENTS 
L. A, Artsimovich, A, M. Andrianov, O, A. Bazilevskaya, 
Yu. G, Prokhorov, N, V, Filippov 


We present the results of. an experimental investivation of intense pulse dis- 
charges with rapidly increasing current, A brief description of the experimental — 
method used is given, The pulsation processes of the plasma column are described, 


The purpose of our experiments was to study the properties of pulse discharges with intense currents, In 
such discharge, contraction of the plasma should take place under the influence of electrodynamic forces (attrac- 
tion of paraliel currents), The energy of the electromagnetic forces that compress the plasma is expended on the 
kinetic energy of the charged particles, As a result of this, the plasma temperature and pressure in a high current 
discharge can achieve extremely great values, The study of some properties of pulse discharges in rarified gases 
at currents from 10” to 10° amps was the subject of references [1] and [2]. We investigated pulse discharges in 
hydrogen, deuterium, helium, argon, and xenon at initial gas pressures from 0.005 mm to several millimeters, 
The maximum current strength in the various experiments was from 100 kiloamps to one millicn amps. 

_ The discharge voltage was from 20 to 50 kv, The voltage sources were banks of condensors with capacitance 
from several times ten microfarads to 400 uf, The rate at which the current increased in the. initial phase of the 


discharge, that is, the quantity (2) was 3-10” amp/sec to 1.5- 10 amp/sec,, and the time in which the 


current increased from zero to the maximum value was from 8 to 17 # sec, The discharge tubes were porcelain 
cylinders from 60 to 100 cm long and from 20 to 40 cm in diameter, The electrodes were flat rings of copper or 
dural, Before each pulse discharge, the tube was evacuated to a very low pressure, and then filled with a fresh 
sample of the gas, The quantities that characterize the state of the plasma during thé pulse discharge were 
measured by means of an oscillograph, The current was measured with a Rogovsky bridge with an RL integrating 
circuit. Low resistance voltage dividers connected in parallel with the discharge gap were used to measure the 
voltage, Oscillographic measurements of the magnetic field strength at various points of the plasma were used 

to clarify the current distribution in the cross section of the tube, The-pressure pulses of the plasma were recorded 
by piezoelectric elements, Detailed accounts of the method and results of the investigations of intense pulse dis- 


charges will very svon be published in the J, Exptl--Theoret. Phys. Here we give merely the general properties of 
such discharges. 


For the conditions of the experiments described, the pulse discharge is a periodic process with strong 
damping, The investigation of the first half period of the discharge is most interesting, Figure 1 shows two os- 
cillograms of the current and voltaye on a double beam pulse cscillograph. One of these is taken for discharge in 
deuterium at an initial pressure of 0.03 mm Hg, The second oscillogram is for deuterium at a pressure of 0.2 mm 
Hg. The initial voltage in both cases is 40 kv, The maximum currents are practically identical, being 500 ka, 
We see that at the very beginning of the discharge, after breakdown, both the current and voltage in the discharge 
gap are increasing, Then at a certain instant-of time a sharp drop in voltage takes place, At the same instant 
there appears a kink in the oscillogram of current, After the first drop the voltage begins to rise rapidly, and 
then decreases sharply again, At the instant of the second discontinuous voltage drop, there appears a second kink 
in the current oscillogram, These fluctuations from a smooth variation in the development of the discharge are 
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Figure 1, Oscillograms of current and voltage for dis- 
charge in deuterium with Us = 40 kv. 
a) Pg = 0.03 mm Hg; b) P, = 0.2 mm Hg. 
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Figure 2, The dependence of rt on M for 
Us = 30 kv, ag = 20 cm, 
1) = = 6-10" amps /sec (for light gases); 


2) a = 7,5° 10% amps/sec (for heavy gases), 
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a distinguishing feature of high current pulse dis- 
charges, and occur regularly, They are especially 
distinct in those cases in which the discharge takes 
place in gases with low atomic weights (hydrogen, 
deuterium, heltum) at low initial pressures, 


When the initial rate of current increase is of 
the order of 10°! amps/sec, the time interval 7 


from gas breakdown to the first drop in voltage is a 


few microseconds, The magnitude of 1 is a function 
of parameters that characterize the initial conditions 
of the discharge, Figure 2 shows the denendence of 
T on M, where M is the mass of the gas per unit 
length of the discharge tube, The values of 7 are 
obtained from oscillograms taken for pulse discharges 
in hydrogen, deuterium, helium, argon, and xenon 
(with the same initial voltage on the tube, and the 
same geometric parameters), The approximate de- 
pendence is t~ 4/M, Fora given value of M, 
the value of T increases with increasing discharge 


tube radius, and decreases for Increasing ( “Fr 


In pulse discharges with sharply increasing 


currents the inductive potentia} drop is substantially _ 


greater than the resistive one, It is therefore possible, 
by making use of the oscillograms of the current and 
voltage, to find the dependence of the inductance of 
the plasma column on time, and from this data to 
determine the time variation in the radius of the 
plasma column (assuming that the column fs in the 
form of a cylinder with a well defined boundary), 


Such an analysis shows that the initial stage 


"of the process is characterized by increasing in- 


ductance caused by the contraction of the plasma 
onto the discharge tube axis, The plasma contracts 


more rapidly when 4) ds greater and the gas 


density is smaller, At the instant when the kink 
eccurs in the oscillogram of current, the inductance 
starts to drop, This means that this instant corresponds 
to the maximum degree of compression of the plasma 
column, After this, a rapid expansion of the plasma 
takes place, and it is followed by a second contraction 
phase, If a few kinks are observed on the current 
oscillogram, this means that successive contractions 
and expansions are taking place, Knowing the radius 
of the plasma at various instants of time, it is possible 
to determine the velocity with which the plasma is 


_ moving toward the axis, This velocity depends on — 


In our experiments, the velocity of the plasma 
varied between the limits of 1-10° cm/sec for dis- 
charges in gases with a high initial density, and 
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1.2° 10" cm/sce for discharges in liydrogen and deuterium at initial pressures of the order of 0.01 mm, 


In the initial stage of the discharge, the degree oi fonization of the gas-is not large. Spectroscopic meas- 
urements performed by S. Yu Lukyanov and V.I; Sinitsyn (3) show that up to the instant at which the first. con 
traction ends, no more than 5-10% of the total number of gas atoms is fonized ( for discharge inhydrogen and 
deuterium with a maximum current of about 200 ka, at an initial pressure of 1.0 mm Hg). After the first. con- - 
traction, the degree of ionization in the central part of the discharge may be, it would seem, very high, Spec- 
troscopic investigations show also that after the sccond contraction of the column, there appears in the discharge 
volume a Jarge number of foreign impurities which are caused by the interaction of the plasma with the walls, 
Theref ore, the investigation of the later stages of the discharge are not particularly interesting. — 


By measuring the magnetic ficld strength at various distances from the discharge tube axis, we may find 
the current density distribution in the tube cross section for any instant of time. The experimental data leads 
to the following picture of the current distribution in the plasma. After breakdown, the region occupied by the 
current is, due to the skin effect, a thin cylindrical layer close to the walls of the discharge tube, The inner 
boundary of this layer contracts onto the axis, at first slowly, then more rapidly. The motion of the inner bound- 
ary layer causes the current to occupy the entire tube after a short time, The instant of time at which the cur- 
rent reaches the axis is practically coincident with the time’ of the first kink in the current oscillogram, The 
current density in the neighborhood of the discharge axis at this instant {s 25 times as great as the average current 
density in the tube cross section, The curve of the current distribution, however, has no sharp boundary, and the 
central section with a radius of a few centimeters carries less than half of the total current, In the successive 


compressions and expansions, the current density in the central region remains very high, although it undergoes 
substantial oscillations, 


As an illustration of these results, we present, in Fig. 3, the current distribution in the tube cross section 
for discharge in deuterium at an initial pressure of 0,05 mm Hg and with an initial voltage of 40 kv, It corres- - 
ponds to the second contraction of the plasma, A characteristic property of this distribution is the fact that in 
a region of the discharge, te current changes direction (due to the skin effect), 


Measurements of the pressure pulses in the plasma with the aid of peizoelectric elements made of barlum 
titanate show that in the first contraction stage, there is a pressure wave propagated toward the axis together 
with the inner current boundary. Before the instant of maximum conwaction, the pressure in the neighborhood 
of the axis is negligibly small, At the instant at which the current reaches the axis, the pressure in the central 
region increases rapidly to 25-50 atmospheres (for an initial gas pressure in the tube of about 0,1 mm Hg.). — 


The above experimental facts lead to the following model for the mechanism of the basic processes in 
pulse discharge, For rapid current rise in the initial stage of the discharge, the electrodynamic forces, in- 
creasing in proportion to I*, cannot be compensated by the internal pressure of the ionized gas. Therefore, un- 
der the influence of the electrodynamic forces, the cylindrical layer of plasma which originally is located at 
the walls of the discharge tube starts to accelerate toward the tube axis, 


A large part of the work done by the electrodynamic forces during this stage of the process is transformed 
into kinetic energy of drift motion of the particles in the contracting layer of the plasma, Since pardcles with 
charges of opposite sign meve with the same velocity, the ions receive a large kinetic energy, whereas the 
energy of tie electrons, because of their small mass, remains almost constant, The process of contraction may 
be considered as the development of a shock wave converging on the axis, The gas located before the inner 
front of this wave is at first neutral, As the plasma layer moves inward, the gas is partly carried along with the 
charged particles of the plasma ( because of the large charge exchange cross section of the ions) and becomes 
ionized, Therefore the mass of che gas that is set into motion increases gradually, and the total number of ions 
in the plasma increases rapidly. A quantitative theory of the contraction of the plasma column has been de- 
veloped by M.A. Lecntovich and S.M, Osovets [4], This theory gives the following formula for the value of 


t, Which characterizes the time of the process ( from the instant at which the plasma layer leaves the walls to 
the time of maximum contraction of the column): 


{a is the tube radius, and the current I fs expressed in the cgs magnetic (CGSM) system]. 


The values of r calculated by this formula are presented on Fig, 2 by the solid line, We may note the 
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good agreement between theory and experiment én a wide interval of variation for the quantity M). The final 
stage of contraction occurs when the plasma accelerated by the magnetic field reaches the axis, At this instant 


a large portion of the kinetic energy of directed motion ts transformed into heat, which causes a sharp increase 
in the pressure and temperature of the plasma, 


According to rough calculations, in our experiments the temperature of the plasma at maximum contrac- 
tion reached values of the order of 10° deg (for hydrogen and deuterium at initial pressures of the order of 10% to 
5-10 mm Hg). The evaluation of tlie temperature is based on the measurement of quantities that determine 
the energy balance of the discharge. The data taken in this way is in agreement with the results of measure- 
ments on the pressure in the central region of the discharge, 


The question of the determination of the plasma temperature will be taken up in detail in the following 
articles, Here we shall limit ourselves to just a few remarks necessary for the clarification of this question, 
In order to avoid misunderstandings, we must note that in speaking of the plasma temperature we have in mind 
the temperature of the heavy particles, that is, the fons and the neutral atoms . We may consider, in view of 
the large charge exchange cross section, that the temperatures of the atoms and ions in the contracting plasma 
column are the same, As has already been pointed out above, in the contraction process a large part of the work 
expended by the electrodynainic forces goes into the kinetic energy of drift motion of the charged particles. At 
the same time it should be noted that as the cylindrical plasma layer contracts onto the axis, the mass that is 
set into motion increases gradually, and therefore part of the work must be expended on inelastic processes, 
that is, on raising the plasma temperature, The data on the energy balance of a pulse discharge allows us to 
assume that up to the time of maximum contraction the temperature of the fons and atoms reaches a few hund- 
red thousand degrees ( which corresponds to an average energy of random motion of several times ten electron 
volts). As opposed to this, the temperature of the electronic component of the plasma in the first contraction 
stage remains very low, corresponding to an average electron energy of a few electron volts, ‘This follows from 
the results of spectroscopic measurements, which indicate that the plasma ifs not highly ionized. If the average 


eleciron energy were several times ten electron volts, then the gas would be completely ionized even before - 
the time of maximum contraction, 


The characteristics of the processes that take 
place after the time of maximum contraction are not 
yet entirely clear. It is obvious, however, that after 
the maximum contraction there should be a diverging 
shock wave which carries the plasma in the direction 
of the walls, The diverging wave should be:rapidly 
damped by the action of the electrodynamic forces 
tending to compress the current, as a result of which 
a new contraction stage arises, followed by a second 
expansion of the column, At this stage of the process, 
it would seem that various forms of instability should 
arise, which are characteristic of a high current plasma 
column, as a result of which the form of the column 
changes radically, The loss of stability of the plasma 
column and the strong interaction of the plasma with 
the walls lead to a substantial change in the character 
of the processes, At later stages of the discharge, for- 
eign gases appear in the discharge volume, and the 
temperature of the plasma drops significantly, 
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ON THE MECHANISM BY WHICH THE CURRENT CONTRACTS 
IN FAST AND INTENSE GAS DISCHARGE * 


M.A. Leontovich and S.M. Osovets 


The mechanism of the processes which take place as the current contracts 
under the influence of electrodynamic forces is described, 


Reference [1] presents the results of experimental investigations of intense gas discharges in which the 
current increases at a rate of the order of 10-10" amps/sec, In the course of these investigations some pheno- 
mena were discovered, and the explanation of these is the subject of this article, We shall indicate an extremely 
simple method by which we are able to describe very roughly the basic features of the phenomena, and to find 
the parameters by which they are characterized, To do this, we start from the proposition that the magnetic 
forces acting on the gas that is carrying the current and the mechanical inertia of the gas are of fundamental © 
importance in these phenomena, The influence of the gas pressure on the process of contraction is felt only in 
the stage of its high compression; in the initial stage of the process, during the presence of a pronounced skin. - 


effect and while the center part of the gas column is only slightly heated, the gas pressure is low and plays a 
secondary role, 


The great importance of the inertia forces in compressing the gas in the above experiments is indicated 
by the experimental fact that the maximum gas compression can take place after the maximum current, when 
the magnetic forces that contract the gas filament have already decreased, 


In order to analyze the basic features of the contraction process and to examine the fundamental para- 
meters that characterize this stage of the discharge, let us make use of the following model, We shall consider 


the contracting gas to be a cylinder characterized by the radius a, average pressure f, and mass per unit length 
M. 


The equation of motion of the gas can then be written in the form 

= 2n0p. Q) 
The factor % multiplying the mass fs introduced in order to account approximately for the fact that the moving 
mass of gas is not all located at radius a, but is distributed throughout the whole cross section, This factor is 
obtained if one assumes that the mass is parabolically distributed. If, on the other hand, the mass is considered 
uniformly distributed throughout the gas column, then the factor becomes ¥,, which leads to no significant dif- 
ference in the results, Thus we are not considering here:evehts that may be related to a velocity, pressure, or 
density distribution through the cross section of the gas. These will be considered separately, Let us note that 
the events that we are analyzing, which are characteristic for the rapid contraction of the gas current, are rela- — 
ted to the action of the skin effect on the current distribution in the gas, This can be shown by comparing the 
outwardly directed force due to the gas pressure with the force of magnetic contraction, The gas pressure is 
proportional to its internal energy,which, in turn, is determined before the start of compression by the Joule 
heat, Such an evaluation of the ratio of these forces shows that, to within an order of magnitude, the ratio of 
the contracting force to the force due to pressure is determined by the ratio of the radius of the current in the 


gas to the thickness of the skin layer. If we therefore neglect the last term, which accounts for the gas pressure, 
*This work was performed in 1953, ; 
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then the equation of motion assumes the form 
id da 
(2) 


For those cases in which the dependence of the current on time fs deterinined by the external circuit, the current 
increases approximately linearly in time during most of the quarter peridd of a and we may therefore 
put I= it, 


In so doing, I may be considered constant and given by 1=%s » Where Vo fs the initial potential on the 


condenser bank, and L fs the self-inductance of the circuit and gas ie ( which, for the above condition, 
may be considered constant), Then the equation of motion (2) becomes 


Let us introduce the dimensionless parameters z and x, given by 


t=1t,2; 
We shall naturally choose the unit of radius as its initial value, equal to the radius of the tube ao, and the 
unit of time shall be chosen so as to give Equation (3) the simplest form; we therefore set 


pis 


Here we consider the mass constant, Then Equation (3) can be written 


z’ 


and Equation (1), 


where py, is the unit of pressure, taken as 


At time t, the current is given by 
I,=Ity= (Ja,c)*/* : 
and the unit of pressure p, is related to J, by the equation 


P= 


This is the relation between the average pressure and current which corresponds to equilibrium between the 
pressure forces and the magnetic ones, We must, of course, bear in mind that in our case p, is not equal to the 
average pressure at time t, ( though it is close to it), The pressure pf and the current will be related by the equa- 
- a* 

tion p = a only at that instant of time for which - 0. 

In order to obtain a qualitative idea as to the variation of the contraction of the gas current filament 
during that time in which the temperature of the heavy particles ( the fons and neutral atoms) increases, we 
assumed that the pressure change during the contraction is adiabatic, pv” = pgvg, where y = % (we are consid- 


Yo \ 40 


ae J the compression of amonatomic gas); from the consideration that <= 2 =| » we obtain P= py - 


Inserting this expression for f into (4), we have 
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(5) 
where = 
Pi 


This equation was integrated by numerical methods with the initial conditions at z=z,; x=1, % =0 


for various times of starting the contraction 2», and for various values of the parameter a which characterizes 
the initial pressure, 


The figure shows a family of solutions obtained in this way, It can be seen an the figure that the time 
of the first maximum contraction depends only slightly on the values of 2) and a; the values of Zsing, corres- 
ponding to this contraction, vary between 1.7 and 2,1, This time of the first maximum contraction {s naturally 
identified with the time of the first “singularity” of the current, that fs, its first minimum, Thus for this instant, 


‘sing = Zsingtsing™1.8t, (6) 
where 
1/4 
or, in practical units, 
y = 0.05a9( 1/2 1-2, ( 8) 


Here t, is the time in seconds, ag is in centimeters, pp is the pressure in mm Hg, # is the molecular weight for 
the cold gas, and lis in amps/sec. 


It follows then, that the “singular” time is 


tsing = 0.09 ay ( (9) 
and the “singular” current is ; 
Ising = 0.09 poi (10) 
z 
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The dependence of the radius of the plasma column on time ( in dimen- 
sionless coordinates), 


The resulis of experimental measurement presented in reference [1] compare well with the expressions 
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obtained here, The sufficiently close agreement of the exper{mental results and the calculations support the 
suggested model for the development of the process, It should be noted that the agreement with experiment fs 
not only qualitative, but that, in spite of the crude assumptions we have introduced, good quantitative agree-_ 
ment fs achleved, Of course the agreetnent with experiment ceases when the increase of current with time fs 
no longer Inear, which can occur both for a substantial change in the self-inductance of the circuit as a result 
of the intense contraction of the gas filament, and for the situation in which the energy stored inthe condenser 
bank that supplies the discharge has decreased significantly by the “singular® time, 
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PENETRATING RADIATION FROM PULSE DISCHARGES 


L. A. Artsimovich, A. M. Andrianov, E. I. Dobrokhotov, 
S. Yu. Lukyanov, I. M. Podgornyi, V. I. Sinitsyn, N. V. Filippov 


We present the results of an investigation of the neutron radiation © 
detected in pulse discharges in deuterium, as well as some data on the pene~ © 
trating X-ray radiation that arises in such discharges in light gases, 


Intense current pulse discharges in light gases can, under some conditions, act as sources of penetrating 
radiation. In 1952 the authors discovered neutron radiation in pulse discharges in deuterium. The experiments 
in which this phenomenon was discovered were performed with straight discharge tubes. The tubes were 
porcelain cylinders (with diameters from 20 to 40 cm and 50 to 100 em long) with copper or dural collars, They 
were connecied to a circuit consisting of a bank of condensers and spherical dischargers. When the pulse 
discharge takes place, a current of several hundred kiloamps passes through the tube, The rate at which the 
current increased was 5-10™-1.5- 107 amps/sec. In the original experiments the neutrons were recorded by 
the use of silver targets placed in a paraffin block located close to the tube. In later experiments, the neutrons 
were observed by use also of scintillation counters, and it was then possible to establish the connection between 
the time at which the neutrons appear and the characteristics of the pulse discharge. 


Neutren emission is observed in discharge tubes with porcelain walls if the initial pressure of the deuterium 
is within the range of 0.01 to 0.3 mm. In tubes with metallic side walls, neutrons are emitted also for 
considerably higher initial pressures, up to 10 mm, The number of neutrons that are emitted while the current ° 
is passing through the tube fluctuates widely from one discharge pulse to another. In the experiments with the 
porcelain discharge tubes, the neutron emission reaches measurable values only if the tube has been first 
subjected to previous discharges in hydrogen, deuterium, or helium. For a maximum discharge current from 
250 to 500 ~=kiloamps and for an initial deuterium pone of about 0.1 mm, the number of neutrons emitted 
in one discharge pulse varies between the limits of 10° and 10°, sometimes reaching a value of the order of 10°. 
_The neutron radiation is extremely sensitive to the addition of small quantities of different gases. It is enough 


to add a few hundredths of a percent of hydrogen, argon, or xenon to deuterium to a pressure of 0.1 mm, for the 
neutron radiation to vanish entirely. 


Because of the inegularitics of the neurren radiation, it is difficult to establish quantitative relations that 
characterize the dependence of the neutron emission on such discharge parameters as the maximum current and 
the initial pressure. These relations are somewhat more qualitative than quantitative in character, Figure 1 
shows the dependence of the neutron emission n on the maximum current in the discharge (I,,,,), obtained in 
experiments with a porcelain discharge tube 100 cm long and 40 cm in diameter at an initial pressure of 0,02 mm, 


This data is obtained by averaging the results of a large number of separate experiments, We see that the 
intensity of neutron emission increases rapidly with the maximum discharge current from 200 ka to 300 ka, For 
further increase of I,,,,, the value of n hardly changes, It should be noted that in these experiment the value 
of Lax is proportional to the initial voltage on the discharge tube. A change in I,,,, from 200 to 400 ka 
corresponds to aa increase in the initial voltage from 20 to 40 kv. Similar curves of the dependence of n on 
Imax are obtained also at other pressures, The pressure that corresponds to the maximum neutron emission for 
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Fig. 2. Osciilograin of the current pulse and the 
neutron pulse accompanying discharge, 


porcelain discharge tubes is about 0.05 mm. During 
the original phase of the investigation of neutron 
Se ap Cres, radiation, we were able to make the assurnption 


that it was caused by the accelerated deuterons 
bombarding the deuterium absorbed by the electrodes and walls of the tube in the previous discharges, Control 


experiments, however, in which the preliminary discharges were performed with ordinary hydrogen, did not 
support this view. These experiments showed also that the emission source of the neutrons is distributed along 
the length of the tube, and is not located in the cathode region. 


Oscillographic studies of the neutron radiation show that in all cases it occurs in the form of short pulses 
with very sharp fronts, The length of time it takes for the neutron radiation to grow from zero to the maximum 
value is 0.3-0.5 psec, The neutron pulses appear at definite stages of the development of the discharge. Ina 
previous communication [1], as well as in the work of M. A. Leontovich and S, M. Osovets [2}, it is shown that 
in the first half period of the development of the pulse discharge, successive contractions and expansions of the 
plasma column teke place. These processes are reflected in the oscillograms of the current and voltage during 7 
discharge. At that instant of time when the discharge filament passes through the stage of maximum compression, 


there appears a kink on the current oscillogram, The voltage at this time has reached its maximum value and 
Starts to drop rapidly. 


Figure 2 is an oscillogram of the current and neutron pulses taken with the aid of a double beam oscillograph, 
One of the oscillograph traces is that of the current variation, measured with the aid of a Rogovsky bridge, and the 
other wace is the neutron radiation intensity, recorded with the aid of a scintillation counter and a photomultiplier. 
As is seen from this oscillogram, (on which the neutron pulse is presented with a delay of 0.3 psec), the neutron 
emission starts at a time corresponding to the second stage of maximum contaction of the plasma column. This 
is not a chance result, but represents a well established regularity. Analysis of an extremely large number of 
oscillographic measurements shows that in all cases the neutron emission starts at that part of the discharge in 
which the plasma column passes through the second stage of maximum contraction. In the first contraction 
neutrons appear, At low initial pressures in tubes of large diameter, three successive contraction and expansion 


stages of the discharge filament are observed, For these conditions neutrons sometimes arise both in the third, as 
well as the second maximum of filament contraction, 


A pulse discharge with a rapid rate of current increase is also a source of penetrating X-radiation. The 
X-radiation always consists of short pulses whose rise time is a few tenths of a‘microsecond, The pulses caused 
by X-ray quanta and neutrons during deuterium discharge can be compared on the oscillograph. In so doing, it 
turns out that they arise simultaneously. The energy of the X-ray quanta that occur during discharge in hydrogen 
and deuterium attain values of 300-400 kev, It should be noted that at the time when quanta of such high 
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energy occur, the voltage applied to the discharge 

tube is only 10-20 kv. A more detailed communication 
concerning the penetrating X-radiation that occurs 
during pulse discharges is presented in reference [3]. 


The reason for the appearance of penetrating 
X-radiation and neutrons in pulse discharges cannot be 
considered well established at the present time. One 
of the possible explanations {s that they are caused 
by the acceleration of electrons and ions in the strong 
electric field near the center of the discharge axis, where 
the magnetic field strength is small. The longitudinal 
electric field in this region is basically inductive 
i ae a ee in origin; it is caused by the radial pulsation of the 

plasma column. Measurements of the longitudinal 
component of the electric field that were performed by 
A. M. Andrianov, O. A, Bazilevskaya, and'Yu.G. 


Prokhorov show that the intensity of this field can be 
many times greater than the value derived from the external voltage that is applied at this instant to the discharge 
tube. 


Fig. 3. Oscillogram of current pulses and neutron 
pulses. 


On the basis of the above assumption, we can also explain the time of appearance of the X-ray quanta and 
neutrons, In the early stages of the discharge, the contracting cylindrical plasma layer drives the neutral gas 
contained within it toward the axis of the discharge tube. Therefore, the gas density is high at the time of the 
first maximum of contraction in the region of the discharge tube axis, whereas the degree of ionization is still 


seemingly low. After the first expansion of the plasma column, within it there can develop a region of rarefaction 
in which the gas is practically entirely ionized. 


As a result, in the second contraction stage, conditions are created which favor the acceleration of some of 
the electrons and ions in the central region by the electric field. 


We do not assume, however, that the above explanation gives a complete picture of the process that 
accelerates charged particles in a pulse discharge, It is possible that the instability of the plasma column of 
intense current is an important part of the process, Indeed, we should note one of the aspects of this instability, 
which consists of the fact that at the time of contraction very narrow strains may develop in separate parts of the 
plasma column. As a result of this, instantaneous redistributions of the current and magnetic field may develop in 
the cross section of the column, which must lead to the appearance of very high local electric fields which will 
then accelerate the charged particles of the plasma. Still another aspect of the experimentally observed 
instability of the column may be of importance in the acceleration of the electrons. This is the spontaneous 
generation of a longitudinal magnetic field in the plasma due to turbulent motion of the plasma column, When 
the longitudinal magnetic field is generated, the vectors of the electric and magnetic field of the plasma cease 


being perpendicular to each other, and it therefore becomes possible for the electrons to be accelerated along the 
magnetic lines of the force. 
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SPECTROSCOPIC STUDIES GF INTENSE PULSE DISCHARGE IN HYDROGEN 


S. Yu. Lukyanov, V. I. Sinitsyn 


Spectroscopic methods were used to study the properties of intense pulse discharge 
in a gas. It is shown that in the initial stage of the process, while the discharge is 
comraeting onto the axis of the chamber, the velocity of the luminous front is as high 
as 6-8- 10° cm/sec, A calculation of the number of ionized atoms is carried out. 
Experiments in which the luminosity of the pulse discharge plasma was investigated 
are described. The results of intensity measurements on the spectral lines of a hydrogen 
plasma are presented, 


Introduction 


In the present article we describe experiments devoted to spectroscopic investigations in the little known 
fieid of low pressure gas discharges at currents of several hundred thousand amperes, 


Spectroscopic studies carried out for dynamic conditions make it possible for us to get some idea as to the | 
change in the properties of the gas in which the discharge is taking place as the discharge runs its course, 
primarily with respect to the concentation of charged particles and the time variation of their distribution. For 
given conditions, it is also possible to learn something of the particle velocities in the gas discharge plasma. Let 
us note that when compared with other methods, the optical method of investigation has one definite advantage; 


this is related to the fact that the measurement process in this case takes place without any interference with 
the course of the effect being studied. 


The large values of the current through the gas which were achieved in the experiments could have been 
obtained only in pulse discharge. The discharge circuit consisted of a condensor bank. with a total capacitance 
C = 30pf, charged up to a voltage Up, = 30-40 kv. By operating a special device, a periodically attenuated 
discharge was initiated in the discharge chamber. The discharge chamber was a glass cylinder with an inner 
diameter of 185 mm and an interelectrode distance of 450 mm. The experiments were performed at various 
hydrogen pressures within the interval from 0.04 t0 5mm Hg. At maximum, the current was 270-300 ka, 


Measuring apparatus 


An OK-17 double beam pulse oscillograph was used to record the current and voltage in the discharge 
process. The current was measured with the aid of a Rogovsky bridge. A low-resistance voltage divider was used 
to measure the potential across the electrodes. The spectroscopic investigations were performed by two methods: 
photographic and photoelectric. An ISP-51 spectrggraph with thiee glass prisms was used for photographing the 
visible region of the spectrum. The time variation of the various lines of the spectrum were recorded with the 
aid of a UM-2 monochromator connectedtoan FEU-19M photomultiplier by a special attachment, The signal 
generated in the photomultiplier circuit by a separate line or part of the spectrum defined by the monochromator 
slit was fed through a cathode follower to a wide-band amplifier, whose output fed the oscillograph plates, Thus 
the optical effects could be recorded in synchronization with the current or voltage of the discharge gap. 
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The apparatus at our disposal, made it possible not 


7107 . only to study the behavior in ume of the separate lines, 
C(X) and o(A) ; but could also be used tw obtain a quantitative evaluation 
61? hamps/watt of the energy radiated by the pulse discharge in the visible 
yy! ] region of the spectrum. For the latter, however, it was 
” necessary to know the absolute sensitivity of the measure- 
oy KA) ing apparatus. The following simple method was used 
; to calibrate it. An incandescent lamp with a tungsten 
Ral far filament was chosen as the light source. (W = 96 watts, 
oh U = 127 volts). The color temperature of such a lamp 
207 is 2850°K. The spectral distribution of the radiation 
/ i intensity from tungsten is known in relative units for a 
0" P \N given color temperature: in the visible region it is 
Ls identical with black body radiation at the same 
4000 4800 S0l0 $500 6000 6500 7000 temperature. A table of absolute values of the 
afA) spectral intensity for the case of interest can be taken, 


for example, in the work of Forsythe [1] , on the 
assumption that the radiation is isotopic in space. The 
distance from the lamp to the first slit of the mono- 
chromator was chosen large compared to the dimensions 
of the lamp filament. In this case the light source could be considered'a point source with little error. The 
operating conditions of the incandescent lamp were held constant and were continuously regulated. Thus the 
absolute sensitivity of the measuring apparatus could be determined for aay region of the visible spectrum 


Fig. 1. ofA) the spectral sensitivity of the FEU-19 
photomultiplier; C(A) the spectral sensitivity of 
the measuring apparatus. 


Here C(A) is the sensitivity we are looking for in amps/watt, i(A) is the output current of the photomultiplier in 
amps, W(A) is the power radiated by the source in the interval of wavelength from A wt A + AA inw a solid 
angle of 41, calculated from the tabulated data, and a is a geometric factor which detezmines the fraction of 
the source radiation that enters the spectroscopic apparatus. If, now, the incandescent lamp is replaced by any 
other, source, its radiation for an arbitrary region of the spectrum can be easily found in absolute units, independent 
of the method for recording the electric signal at the photomultiplier output. 


Figure 1 shows the experimentally determined curves for C(A) and for o (A), the spectral sensitivity of the 
photomultiplier. The quantity o(A) = C{A)/K(A), where k(A) is the transmission coefficient of the monochromator; 
the values of k(A) were determined in independent experiments, 


Results of the measurements 


Figure 2 shows the most characteristic spectrograms of the discharge, The spectra were photographed on 
panchromatic plates with a sensitivity of 45 units (All-Union State Standard 2817-50) during the course of one 
discharge for a spectrograph slit width of 0.002-0.003 mm. 


It follows from analysis of the spectrograms that in the visible part of the spectrum, in addition to the lines 
of atomic hydrogen, the lines of other atoms are observed. Both the relative and the absolute intensity of the 
impurity lines decreases as the initial hydrogen pressure is increased, and the lines of atomic hydrogen become 
brighter; the intensity of the over-all background also increases with pressure. As the initial pressure is increased, 
the total brightness of the discharge increases rapidly. The impurity lines, whose presence indicates the strong 
thermal effect of the discharge on the chamber wall, occur starting with some minimum value of energy 
liberated by the discharge. 


Figure 3 shows the intensities of the lines Hy, Hg, Hy, Sigg (A = 4128 A), synchronized with the current 
for an initial pressure of 0.1 mm Hg. from the oscillograms it is seen that starting at a time corresponding 
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Fig. 2. Spectra of discharges in hydrogen for various initial pressurest a) initial voltage on the 
condensor bank Up = 30 kv. Chamber pressure (from top to bottom) is 5; 0.5; 0.05; 0.025 mm 
Hg. At the bottom, for comparison, is the spectrum of statiunary discharge in hydrogen 

(i = 0.3 amps); b) initial pressure in the chamber Pp = 0.03 mm Hg; Ug (from top to bottom) is | 
10; 15; 20; 30; 35 kv. 


e) a) 


. Fig. 3. Oscillograms of the intensity of some spectral lines (bottom lines), synchronized with 
the curve of the discharge current (top lines); a) Hg; b) Hg; c) Hy; d) Sin (A = 4128 A). 
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Fig. 5. Cross section of the discharge chamber 


Hp divided into longitudinal zones whose radiation 
A intensity could be recorded, 
LA about one quarter of the period, vapors of the wall 
material begin to appear in the discharge volume, 
t, psec Thus, further variation of the photocurrent no longer 
refers toradiation from a hydrogen discharge under 
Fig. 4. The energy distribution of radiation of the “pure conditions” and is of no great interest. There= 
lines of the Balmer series. The ordinate gives the fore, in all the ose:llograms, we indicate only the 
number of quanta radiated up to the given time. beginning stage of the process. 


The experimental data is normalized for unit 
length of the discharge, and account is taken of of the number.of photons corresponding to the Ii 
the absorption by the chamber walls, which have + 4 
been clouded by previous discharges, H,. Hg, and H,, the oscillograms were analyze 
i according to the method described in Section 2, 
Figure 4 gives the time dependence of the total 
nuntber of photons emitted ftom the starting time of the discharge for the above three lines *. 


In crder to obtain a quantitative evaluation 


It should be noted that the energy expended on the radiation during the time from the start of the discharge 
to the maximum of the photocurrent (even taking into account the ultraviolet radiation, the determination of 
which was carried out in experiments which we shall not describe here) is merely about 0.1% of the total 
amount of energy liberated in this time. 


The specuograms and oscillograms describing the time variation of the intensity of the spectral lines which — 
have been considered up to now supply us with information on properties of the discharge that are averaged over 
the whole cross section of the discharge gap, and do not make it possible for us to obtain information as to the 
internal structure of the discharge, Furthermore, experiments show that in the initial stage of development of 
the discharge, there takes place a rapid change in the distribution of current density within the chamber [2]. The 
radial change in the intensity distribution of the luminosity of the discharge which is related to the above effect, 
was studied with the same apparatus. For this, the monochromator with the attachment was placed at a distance 
of 5 meters from the discharge chamber. The whole surface of the chamber with the exception of a narrow 
transverse slit halfway up the cylinder was covered with an opaque material. In front of the slit was placed a 
diaphragm 2 cm in diameter, which could be moved perpendicular to the cylinder axis and line of sight. In 
this way the total cross section of the cylinder was divided into nine nonoverlapping zones (Fig. 5), The measure- 
ing 4pparatus recorded the time variation of the intensity of the line Mp for each of the zones, From the values 


© The results illustrated in Fig. 4 are obtained for discharge in a 90 cm — cylinder with U, = 40 kv. The 
The half-life of the current is T; pe 14 psec, 
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of the intensity so obtained 1,(t); p(t). . . ig(t), that is from the experimentally observed distribution i(x, t), a 
well known and simple calculation [3] leads to the radial distribution E(r, t). 


The indicated method for going over to the radial distribution is valid only if the discharge is cylindrically 
symmetric and we may neglect the light absorption within the plasma. Difference from cylindrical symmetry, 
as will be seen from the following, is observed basically in the very beginning stages of the discharge for low gas 
pressures, As for the degree of transparency of the plasma to radiation of the line H, , it was shown by a special 
experiment that for Pg = 0.1 mm Hg and our experimental conditions the self-absorption is small and may be 
neglected. This experiment was performed with a mirror placed behind the discharge chamber, so that ™ 
radiant volume served simultaneously as the absorber, 


The radial distribution of radiation density (Hg) for various pressures is presented on Fig. 6. Each frame 
. corresponds to a given ‘instant of time. At the top of the figure are the oscillograms of the current and the 
variation of the intensity of the line Hg on the _—— axis, . 


Discussion “i the results 


The spectroscopic data shows that, starting with a certain value of energy liberated in the omen gap, there 
appears in the spectrum of a pulse discharge in hydrogen a large number of lines belonging to elements that make 
up the chamber walls. This critical value of the energy Wg is attained for an initial voltage of about 15 kv in the 
hydrogen pressure region investigated and with the geometry of the discharge chamber that we used, Calculation 
shows that the value of Wo for these conditions is sufficient to raise the temperature of the inner surface of the 
glass walls to the chamber by the pulse discharge to a value corresponding to the intense vaporization of the glass 
in the chamber. It would seem that as the current is increased, the time of appearance of the impurity vapors 
should be displaced closer and closer to the start of the process, since the energy liberated reaches the value Wg 
in a shorter time. In other words, for an initial voltage of 35-40 kv, which is what was used in the basic part of - 
the measurement, we should expect the impurity lines to appear in the earliest stages of the development of the 
discharge *. Actually, as is seen on the oscillograms, the silicon lines appear at a later time, which is related w 
the characteristic kinks in the current oscillograms. Such delay is direct evidence of the fact that the rate at 
which energy is incident on the chamber walls is slowed down, and that there exists some definite. thermal 
insulation between the discharge and the chamber walls in the early stages of the process, This situation is in 
full agreement with the ideas of the magnetic constriction of the discharge in the initial stages of development 
of the process and with the inertial theory of pulse discharge (4). 


_ Let us now consider the degree of ionization of the plasma. Calculations performed hy V. I. Kogan [5] make 
it possible to evaluate the number of charged particles existing at a given time in the plasma when the absolute 
radiant intensity of hydrogen in the visible spectrum is known, In these calculations it is assumed that the processes 
of excitation and ionization of hydtogen atoms by electron collisions are concurrent and that the degree of 
ionization in the beginning stage is not large. No spectroscopic measurements were performed in reference [5], 
and the number ef charged particles was evaluated on the basis of the total number of quanta emitted by the 
discharge in the visible spectrum, which was determined with the aid of a photo cell. The ratios of intensities 
of the various lines of the Balmer series, which were also necessary for the calculation, were given theoretically. 


After performing the spectroscopic measurements in absolute units (see Fig. 4), we were able to change 
the theoretical intensity ratios of the various lines of the spectrum by amounts which were experimentally 
determined, and to attain greater reliability in the results obtained. Let n(t) be the total number of charged 
particles in the discharge cross section at the time t, and let ng be the number of neutral particles in the same 
cross section (determined by the initial pressure of the gas). Then the degree of ionization averaged over the cross 
section will be W(t) = n(t)/mg. For a pressure of 0.1 mm Hg the average degree of ionization is not large; it 


* More exactly, at time ty, when the equation. 


becomes valid. 
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attains a value of merely 5% when t es 3 psec. Obviously in later stages of the discharge the number of charged 
particles and the percent ionization can increase, The uncontrollable increase in the total number of particles 

in the discharge that occurs when foreign atoms enter the chamber as a result of vaporization of the wall material 
makes the corresponding calculations entirely indeterminate *. 


The current density, luminosity, and concentration of charged particles do not remain constant through the 
cross section of the discharge, but change rapidly in time. Therefore the time dependence of the degree of 
fonization averaged over the cross section is only of limited value in characterizing the processes that take 
place. More deiailed information as to the variation of the properties of the plasma can be obtained by 
considering the radial distribution of the luminosity. As is seen from the curves presented in Fig. 6, only the outer 
parts of the chamber are luminous in the beginning stage of the process. Then, a few microseconds (from 2 to 4, 
depending on the initial pressure) after the start of the discharge, the luminosity "breaks away” from the 
chamber walls, and the hollow luminous cylinder rapidly contracts on the discharge axis until a brightly glowing 
column arises on the axis (this time of contraction leaves a characteristic sign on the curve of the current in the 
discharge); the central luminous column then remains rather stable on the discharge chamber axis. The velocity 
of propagation of the luminous front on contraction of the discharge is about 6-8- 10° cm/sec. This value for 
the velocity of the luminous front is in good agreement with the experimental data obtained for the velocity of 
propagation of the compression wave, which was measured by a piezoelectric method, and the velocity with which 
the current density is redistributed through the cross section [2]. 


For the latter, the magnetic field strength was measured directly with the aid of so-called magnetic probes, 


The process of radial redistribution of the luminosity as the discharge develops is the same with respect to 
the general characteristics for all the pressures investigated, and has some details that are as yet difficult to 
explain for Py = 0.4 mm Hg. As the pressure changes, only the scales of intensity and time vary. The cylindrical 


asymmetry that is observed at the beginning of the process for low pressures is a manifestation of the instability 
of the discharge under these conditions, 


Quantitative measurements make it ne to determine the fraction of the total number of quanta 
emitted by the central or outer part of the discharge volume at various times, After calculating the local values 
of the radiation density, and therefore the local values of the charged particle density, it is natural to consider 
not the average values 7(t) but the values n(r, t), which characterize the local degree of ionization at a given 
point at a given time, The transition from the average to the local value, however, is not simple, since the 
time variation of the local concentration of neutral particles is unknown. In the contraction process, in 
addition to the charged particles some of the neutral atoms are driven toward the discharge axis [7]. The degree’ 
to which the particles are tapped in the luminous column is, however, unknown. If we consider that all the 
neutral particles are concentrated in the region of the luminous central zone (about 2.5 cm in diameter), then we 
get the previous value for the coefficient n ~ 5; obviously this is hardiy probable. If, on the other hand, we 


consider the density of the neutral gas to remain constant, then we formally obtain, for the degree of ionization 
_ in the luminous zone, the value 


~300%. 


Here D is the diameter of the discharge chamber, and d is the diameter of the luminous channel, Thus the 
correct values for the local degree of ionization n(r, t) 


n(r, t) = Te (r,t) 
° © On the other hand, if the panne is less intense and the spectroscopic data indicates the absence of impurity 


atoms in the chamber, the average percent of ionization can be determined also for later times. Thus, for 


instance, for a voltage of 15 kv, the percent of ionization, calculated on the basis of the broadening of the 
lines of the spectrum, is about 40-60% [6]. ; 
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can be determined by this method after the time na sees of the distribution of enna particles in the 
chamber cross section has been measured, 


The authors take this opportunity to express their sincere indebtedness to L, A, Artsimovich and M. A. 
Leontovich for valuable discussions and for their constant interest in the work. 
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HARD X-RADIATION ACCOMPANYING A DISCHARGE IN A GAS 


S. Yu. Lukyanov and 1. M. Podgornyi 


In this paper it is shown that a powerful gas discharge at low pressure is accompanied 
by the emission of hard X-ray quanta. The radiation is observed in the discharge in various 
gases. The main properties of the radiation are studied, and consideration is given to a 
possible mechanism of origin of the effect observed. 


Introduction 


As {s well known, the breakdown of a discharge gap in a gas can be accompanied by the appearance 
of X-radiation [1-3]. The X-rays arise at the anode and the walls of the discharge chamber through the 
stopping of fast electrons that have been accelerated by the electric field at the instant of the beginning of 
the discharge, The duration of this initial X-radiation is measured in tenths of a microsecond (3). At later 
stages of the development of the discharge X-radiation is not observed in ordinary cases. Another picture 
appears in the passage of large pulses of current through a rarified gas. If the peak value of the current 
reaches several hundred thousand amperes, then in the discharge in hydrogen and some other gases one 
observes the emission of hard X-ray quanta whose origin is not connected with the inception of the discharge. 


Experiments on the detection of this phenomenon and some results obtained in its study form the 
contents of the present paper, 


Apparatus and Methods of Measurement 


In this work we used a pulse generator consisting of a battery of condensers with capacity 36 mf, and 
a discharge chamber made of a porcelain tube; the inside diameter of the tube was 175 mm, and its length 
was 1000 mm. To decrease the parasitic inductance of the circuit, the discharge chamber was placed in a 
copper cylinder, placed coaxially with the chamber. The discharge was initiated at the proper instant by 
the delivery of a voltage pulse to the discharge set-up. 


The stength of the current flowing through the gas was measured by a Rakowski girdle. A low- 
resistance voltage divider was used to measure the potential difference between the elecuodes. The time 


characteristics of the current and voltage were obtained on the screen of a two-beam pulse oscillograph of 
type OK-17, 


Filling the chamber with gas through a measuring volume made it possible to avoid errozs in the 
measurement of the initial pressure caused by changes in the temperature of the walls of the chamber in the 


course of the experiment. The hydrogen and deuterium bee given a preliminary passage through a palladium 
filter. 


To register the soft X-radiation, which could easily be absorbed in the walls of the discharge chamber, 
we used measuring cartridges whose apertures were covered with thin aluminum foil. The location of the 
_ measuring cartridges is shown in Figure 1. Immediately behind the foil were placed luminescent crystals, 
connected by plexiglass light conveyors with the cathodes of photomultipliers, The pulses occurring on the 
collector of a multiplier were delivered, after amplification, to che plates of an oscillograph. The trans- 
mission band of the amplifier had width 10 megahertz. The photomultipliers were carefully screened from - 
electromagnetic disturbances, which always accompany the' operation of powerful pulse apparatus. For the 
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registration of the hard part of the spectrum, for which 
the absorption in the walls is unimportant, the 
scintillation counter was placed outside the discharge 
chamber, at various distances from it. Besides the 
scintillation counter, this part of the spectrum was also 
studied with X-ray films provided with intensifying 
screens, and with thick films of electron-sensitive 
photographic emulsion, 


Detection of the Effect 


In the registration of the X-rays by the measuring 
cartridges, in a certain region of pressures, there are 
found on the oscillograms, in addition to the pulse 
corresponding to the beginning of the discharge, pulses 
of short duration occurring several microseconds after. 
the breakdown, In Figure 2a is shown a typical 
oscillogram, obtained under these conditions; the 
second beam of the oscillograph recorded the curve of 

' the voltage across the electrodes of the chamber. 
Under constant initial conditions the amplitude of the 
second pulse varied widely, while the time interval 
between the pulses remained unchanged within the 
limits of accuracy of the measurements, The appearance 
Fig. 1. Diagram of the apparatus. (Showing the of the second pulse is always connected with breaks in 
locations of the measuring cartiidges Nos. 1, 2, the curves of voltage and current 
and 3, which serve to register the long-wave- 
length part of the spectrum of X-radiation). 
a) Discharge chamber; b) copper cylinder- 
feeder; c) discharger; d) battery of condensers, 


The unexpectedness of the observed phenomenon 
demanded the carrying out of a series of control experi- 
ments, On could suspect the action of electromagnetic 
disturbances on the electrical circuit of the detector, 
illumination of the photomultiplier through microscopic 
holes in the foil, and a number of other causes, improbable on first thought, but no completely excludable a 
priori. 


One of the most convincing of the control experiments consisted in the removal of the luminescent 
crystals. When this was done both the first and the second pulses disappeared altogether, The use of various 
phosphors (naphthalene with anthracene, Nal, CaWO,, ZnS and others) showed that the duration of the pulse | 

‘changes in agreement with the decay time of the phosphor, if the decay time exceeds one microsecond, 


In the course of further experiments it was established that the penetrating power of the radiation occur- 
ring in the discharge in hydrogen is relatively high. A scintillation detector, removed from the apparatus and 
placed in a complete metal screen, continued to detect the radiation. The radiation at the beginning of the 
discharge was not recorded under these conditions because of its stong absorption in the walls of the chamber 
(all the experiments were conducted with the initial potential difference of the condenser plates equal to 
40 kv). Oscillograms obtained under such conditions are shown in Fig. 2b-e; the second beam of the 


oscillograph here records the voltage across the electrodes, the current through the gas, or the intensity of the 
spectral line Hg. 


An X-ray film, placed between intensifying screens and located beside the scintillation detector, was 
found to be blackened after several discharges, The blackening of the X-ray film can be regarded as direct 
proof that the appearance of pulses at the output of the photomultiplier was caused by X-rays. In a number of 
cases the X-rays were detected by gas-filled counters, and also by electron-sensitive emulsions, in which the 
uacks of recoil electrons were observed, 
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Fig. 2. Oscillograms of the pulses of X-radiation. 
a, b, c) Above are the pulses of X-radiation; below is the pulse of voltage; the duration of the 
sweep is (a) 44, (b) 11, (c) 4.2 psec; d) above is the pulse of current, below is the X-ray pulse, 
sweep time 40 psec; e) above is the trace of intensity of the Balmer line Hg . below is the X-ray 
pulse, sweep time 3.7 sec; f) above is the trace of the pulse at the output of a scintillation 
detector, placed at a distance of 12 m from the discharge chamber (discharge in deuterium), 

and below is the pulse from a y-ray counter, The delay of the first pulse from the photo- 
multiplier in comparison with the pulse from the counter is due to properties of the apparatus, 
The separation between the first and second pulses corresponds to the times of flight of 

neutrons produced in the reaction d—d. Duration of sweep 2.8 psec, 
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Basic Propertics of the X-Radtation 
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We now consider the results of experiments which provided evidence about the limiting energy of the 
radiation and its intensity. To find the energy of the radiation from a discharge in hydrogen various methods 
were used: 


1. Filter method, The X-ray film was placed in a lead cassette with apertures which were covered with 
filtcrs of various thickuesses. The materials chosen for the filters were lead and copper. Several such cassettes 
were exposed simultaneously so as to obtain degrees of blackening suitable for photometric measurement. To 
exclude action on the film’ of the softest part of the spectrum the cassettes were placed in a lead shield 
(thickness of lead 1-2 mm). . 


2. Method of screened scintillation counter. A scintillation counter in a lead shield was placed at a 
distance of several méters from the discharge chamber; the thickness of the shield amounted to several 
centimeters and was changed from one experiment to another. With each thickness of lead from 70 to 200 
discharges were carried out, and the frequency of appearance of impulses was recorded as a function of the 
thickness of the shielding layer. 


3. Method of measuring track lengths of recoil electrons in thick nuclear emulsions, An electron- 
sensitive emulsion, covered with a thin layer of lead to absorb the soft part of the spectrum, was irradiated with 
the X-rays. The distribution in length of the tracks in the irradiated emulsion was compared with an analogous 
distribution obtained by the examination of a control emulsion, 


4. Method of the nuclear photoeffect, If the radiation contains quanta of energies above 1.65 Mev, then 
the (y, n) reaction can be produced in nuclei of Be®, and the neutrons poems can be detected by the artificial 
radioactivity produced in a silver target. 


We shall consider the results obtained by each of these methods, 


The use of the filter method requires a knowledge of the dependence of the blackening of an X-ray film 
on the intensity of the radiation producing this blackening. To obtain this dependence we used a 122 millicurie 
radium source. Since in each individual experiment the thickness and material of the filter were known, the 
absorption coefficient of the radiation accompanying the discharge could be determined by comparing the 
blackenings of the exposed films. The absorption coefficients obtained in the experiments with copper and lead 
filters gave values of the energy of the radiation that agreed with each other within the limits of accuracy of the 
measurements, The results of the measurements with the filter method refer to the part of the spectrum that 
acted most effectively on the films under the conditions of the experiment. To estimate the energy of the part 
of the spectrum lying near the limit, ‘an additional lead shield was used, But the use of lead shields of thickness 
greater than 2 mm turned out to be unfeasible because of the excessive exposures required. 


The average value of the energy of the radiation 
passing through the walls of the chamber was found two 
Thickness | Total num- Number of be 180 kev. The maximum energy value reliably 
of lead ber of dis- sco indicated by the filter method was 230-250 kev. These 

hi , data were obtained by irradiating the films with a 

shield, mm ied by ; 
pulses, n large number of X-ray pulses, so that the blackening 

of the films lay on the linear part of the sensitivity 

curve, It is clear that these experiments give only a 

rough estimate of a lower limit on the maximum energy 

of the spectrum. 


A considerably larger value for the spectral limit 
was obtained by the use of a scintillation counter of 
known efficiency, Each impulse from the output of the counter indicated the action on the crystal of one or 
more quanta emitted in a single discharge. The results of experiments with lead shields of various thicknesses. 
are given in the table. 
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Working plate 


Control plate 
(background) 


Number of tracks 
Number of tracks 


50 100 1S0 225 180 
Energy, kev Energy, kev 
‘Fig. 3. Energy distribution of electrons, obtained Fig. 4. Energy distribution of electrons, obtained 
_ from the examination of the tracks formed in a from the examination of 1500 tracks formed in a 
photographic emulsion irradiated with cate. photographic emulsion shielded by 20 mm of lead, 


by 2 mm of lead. 


Besides a knowledge of the efficiency of the counter and of the geometry of the experiment, the analysis 
of these results requires the use of data on the intensity of the radiation, Measurements of the intensity, considered 
in greater detail below, showed that at each e eeeeng an average of 5- 10” quanta are emitted, but that 
individual pulses occur containing up to 10” quanta. Calculations show that w explain the results of the experi- 
ments in question one must assume the presence in the spectrum of quanta with energies up to at least 800 kev, 
' To make the data more reliable one would have to carry out a calibration of the counter using an X-ray tube 
operated in pulses; these experiments have not been performed. 


The main difficulty arising ia work with nuclear emulsions comes from the presence of extraneous tracks 
caused by cosmic radiation and natural radioactivity. In a number of cases the influence of this background was 
comparable with the effect of the radiation, and the following cut of tracks of electrons with energies of several 
hundred kev in the presence of a large number of short tracks was a difficult and sometimes insoluble problem. 
Indeed, as is seen from Fig. 3, which shows the results of the study of a film shielded only by a layer of lead 2 
mm thick, no appreciable increase above background could be observed for the number of tracks of electrons 
with energies above 200 kev. Longer tracks could be observed by the irradiation of a fresh electron-sensitive 
emulsion placed in a container with lead walls 20 mm thick. In this case the total length of the experiment 
came to some téns of hours, and the total number of discharges was about 250. Longer irradiation was found to 
be impracticable because of the increase of the cosmic-ray background. The results of 2 study of the experi- 
mental materia] are shown in Figure 4, which shows a distinct increase of the effect above background right up 
to electron energies of 250 kev. If the tracks are produced by recoil electrons, then the energy of the primary 
quanta must be at least 350 kev. In this range of energies the probability of Compton scattering of the quanta 
is about seven times as large as that of the photoelectric effect in the emulsion. 


We did not succeed in observing the nuclear photoelectric effect in beryllium. From the negative result 


of this experiment it follows that quanta with energies above 1.66 Mev are not present to the num ber of more 
than 1-2. 107 per discharge. 


The combination of these measurements enables us to make the following assertion: the limiting energy 
of the X-radiation observed under the conditions in question is not less than 350 kev, but in all probability does 
not exceed 800 kev. It must be emphasized once more that although the spectral distribution curve has not been 


studied in detail it evidently makes a very flat approach to the axis of am Thus the concept of limiting 
energy is to some extent a question of —— 
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We now give our ettention to the results concerning the intensity of the radiation, As the experiments with 
the scintillation detector showed, under identical initial conditions the amplitude of the X-ray pulses varies from 
discharge to discharge by factors of some thousands, so that it is resonable to speak only of the intensity averaged 
over a large number of discharges. The measurement of the intensity of the radiation was obtained from the 
blackening of an X-ray film placed at some distance from the discharge chamber, The “effective” encrgy of 
the X-ray quanta was already known, so that there was no difficulty in choosing the conditions under which 
calibrating measurements were to be made, Unfortunately we cannot enter here into a detailed description 
of the experiments in question. In the determination of the total number of quanta use was made of the data 
on the spatial distribution of the radiation (cf. following section). The analysis of the experimental data showed 
that the average number of X-ray quanta obtained by the exposure of the film to the radiation from 150 discharges 
is about 5- 10°" quanta per discharge. Individual pulses were recorded with intensities up to 10” quanta per 

- discharge. ‘The stated figures are obtained by conversion to quanta with average energy 200 kev. Additional 


’ confirmation of the correctness of these estimates is provided by the measurement of the intensity of the radiation 
from the number of tracks in emulsions, 


The data considered above refer to discharges which were produced with the initial pressure of hydrogen 
corresponding to the maximum production of X-ray quanta, The dependence of the intensity of the X-radiation on 
the initial pressure, as determined by the scintillation method, is shown in Figure 5, The analogous dependence 
for the pulse of radiation at the start of the discharge has the form of a monotonically decreasing curve over the 
whole range of occurrence of the effect. It is interesting to note that the curve giving the dependence of the 
neutron radiation from a discharge in deuterium [4] on the initial pressure of the gas (see the dotted curve in the 
same diagram) does not differ significantly from the curve of the intensity of the X-rays, 


Hard X-radiation not connected with the start 
of the discharge is observed not only with discharges 
in hydrogen and deuterium, but also with discharges 
T helium, 


—— X-radiation 


The instant of appearance of the X-radiation 
— ~~ neutron radiation from deuterium agrees with great precision with the 
instant of appearance of the aeuton radiation, In 
the registration of the X-ray quanta accompanying 
discharges in deuterium by the scintillation method, 
the detector was placed at such a distance from the 
discharge chamber that the time interval between the 
. instants cf registration of X-rays and neutrons, 
caused by the time of flight of the neutrons, was 
greater than the width of the pulses. An oscillogram — 
Lah with X-ray and neutron pulses separated in time is 
4 
Initial pressure aus shown in Figure 2f. In this case the second beam of 
the oscillograph indicates the pulse from the gas- 
Fig. 5. Dependence on the initial pressure of the filled counter, In Figure 6 the points show the 
intensities of the X-ray and neutron radiations from a measured dependence of the time of flight on the 
discharge in deuterium. distance between the discharge chamber and the 
. detector. The straight line in the diagram represents 
the dependence of the time of flight on the distance 
for the neutrons produced by the reaction (d, d). 


Intensity (relative units) 


X-rays were also observed from the discharge in such a heavy gas as xenon, but the energy of the quanta 
in this case did not exceed 10 kev. The addition of a small amount of xenon to hydrogen that was at such low 
pressure that the effect was not observed led to the appearance of radiation at a mass of the mixture that cor- 
responds to the appearance of the effect from the discharge in hydrogen, Hard X-radiation was not observed from 
mixtures of light and heavy gases, even in cases in which as little as 0.1% of xenon was added to hydrogen at its 
optimum pressure, At the present time the dependence of the energy of the radiation on the properties of the gas 
in the chamber has not been thoroughly studied, but the authors propose to return to this question later. 
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Spatial Distribution of the Radiation 


The location of the sources of X-ray quanta along _ 
the axis of the discharge chamber has been studied by — 
various methods, 


In the first method the experiments were made with - 
two scintillation detectors, One of the photomultipliers 
monitored the intensity of the X-ray pulse in the discharge 
in question; the second, provided with a collimator, 
registered the quanta originating in a certain limited 
part of the discharge chamber. The results of the experi- 

} ment showed that the radiation originates both at the 
2 4 6 8:0" electrode that is at positive potential at the initial 
Time of flight, sec instant and in the middle portion of the discharge chamber, 


Fig. 6. Time of flight of neutrons emitted from 

the discharge in deuterium, The straight line radiation along the axis was found directly by photometric 

shows the calculated time of flight measurements on an X-ray photograph of the discharge, 
which was obtained by means of a camera obscura made 

of lead. The distribution function shown in Figure 7 

does not, however, enable us to judge the character of the 

distribution of the centers of emission of the X-rays in each 

individual discharge, since about 100 discharges were 

required for sufficient blackening of the film. 


—/50 discharg 
~~ J discharge 


\ To test the possibility of producing a picture with 
each individual discharge we used an X-ray film between 
\ intensifying screens, which was placed beside the discharge 


| \ chamber along one of its generators, In those cases when 
/ : the intensity of the given X-ray pulse considerably 
ia exceeded the average value, one discharge was enough to 
al produce the blackening required for photometric study of 
nd 4 RA ™ the film. The intensity of radiation along a generator 
of the chamber, $(z), is connected with the longitudinal 


4 


0 0 20 30 40 50 60 70 00 30 1lem distribution function by the relation 
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Fig. 7. Longitudinal distribution of intensity of the eae ee 
X-radiation for unsymmewical flow of current on ®(z)= \ f(2")ds 


the feeders. +G—#') 


where f(z) is the distribution function along the axis, r_ is the radius, and 1 is the length of the chamber. If 
r << 1, then the experimental values of 6(z), obtained by photometering “the film, will be fairly close to the 
desired function f(z). 


Figure 7 shows together curves representing the results of photometric measurement of X-ray pictures 
obtained with a camera obscura and of photometering an X-ray film which had been placed along a generator of 
the chamber. As has been explained, the first curve gives the distribution function averaged over a large number 
of discharges. The second shows the function (z) characterizing the longitudinal diswibution for a single discharge. 
A comparison of the curves shows that the average longitudinal distribution function has just the same character 
as the distribution curve obtained in a single discharge. 


. Some of the experiments made. to study the longitudinal distribution were carried ovt with an apparatus in 
which the copper cylinder surrounding ‘the discharge chamber had openings for the introduction inw the chamber 
of connecting sleeves and measuring cartridges. The openings in the cylinder disturb the uniform flow of 
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current, and it could be supposed that the complicated picture obtained under these conditions in the X-ray 

photograph is connected to a certain extent with departures from cylindrical symmetry. Indeed, experiments with 
a discharge chamber for which the disuibution of current in the cylindrical feeder was more nearly uniform showed 
that the maximum at the centcr was considerably reduced in comparison with the maximum at the anode (compare 
Figures 7 and 8). 


Upper clectrode 


VA 


Intensity (relative units) 


= 


Fig. 9. Angular intensity distribution of the 

Fig. 8. Intensity distribution of the X-radiation along 
the axis of the discharge chamber (copper cylinder- . ; —— 

feeder without openings). 


_ The angular distribution of the X-rays was 
also studied by two methods, scintillation and. 
photographic. In the first case two scintillation detectors were used, shielded by a layer of lead 2mm thick. | 
During the whole experiment one of the photomultipliers remained in the same position, while the second 
registered the radiation emitted from the discharge chamber in various directions. Since the intensity of the 
radiation varies greatly from one discharge to another, at a fixed amplification in the registering apparatus there 
always occurred pulses whose sizes lay outside the range of registration. Therefore from the whole series of 
measurements there were selected for analysis only a limited number of classes, The distribution curve so ob- 
tained is shown in Figure 9. It could be suspected that this selective weaunent of the results distorts the picture 
of the distribution, This objection does not apply to the photographic method, which averages the effect from a 
large number of discharges. Cassettes with X-ray films placed between intensifying screens were placed uniformly 
around a circumference whose center coincided with the center of the discharge chamber. The corresponding 
curves are shown in Figure 9 by dotted lines. The differences between the results obtained by the two methods 
are small and probably due to errors of measurement. 


For the analysis of the results obtained we use the curves of the longitudinal distribution. Starting with the 
distribution function of the emission sources along the axis, f(z), the angular distribution was calculated on the 
assumption of isotopic emission of the quanta and with no account taken of absorption (cf. dotted curve in 
Figure 10). The complicated geometry, the uncertain localization of the emission centers, and the uncertainty 
of the energy spectrum of the radiation made it difficult to take the absorption into account quantitatively. We 
can, however, compare the relation of the calculated and experimental intensities at various angles of the two 
polarities (Figure 10). In this case the absorption takes place in roughly similar layers of matter and, in the case 
of isotopy of the radiation, the relations of the experimental and calculated intensities should be like one ano- 
ther. This is actually so for all points except that for the angle 72°, where the absorption depends very sharply 
on the position of the emission centers. The isotropy of the radiation gives one more evidence of the absence 
froin the spectrum of any perceptible number of quarta with energy larger than 1 Mev. 


A separate study was made of the question of the possability of the emission of radiation in the interior of 
the discharge chamber. The experiments were made with two scintillation counters. One of the devices, placed 
at cartridge No, 2 (cf. Figure 1), could detect radiation coming from part of the volume of the discharge chamber, 
and also those quanta that were produced at the flange of the porcelain sieeve located opposite cartridge No. 2. 
The second device, placed at cartridge No. 3, could detect quanta produced at the walls and the flange of the 
sleeve, but quanta coming from the interior could not reach it. Radiation coming from the interior volume 
could not be distinguished for the discharge in hydrogen, evidently because of the smail stopping power of light 
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gases, The result was different for the discharge in 
xenon; here the pulses appeared only in the output 
of the multiplier placed at cartridge No, 2. 


Discussion of the Results 


We now give our attention to a possible 
explanation of the observed effect. 


Specially arranged direct experiments, in 
which a 45 kev proton beam with current strength 
10 milliamperes bombarded the wall of the 
discharge chamber, enable us to exclude a nuclear 


Fig. 10. Experimental angular intensity distribution mechanism for the origin of the heed X-rays. Indeed, 
s : a gas-filled counter placed at the distance of 2.5m 
taking account of absorption (dotted). 


count over the background without the beam. Thus, 
as was implicitly assumed ia the preceding exposition, the radiation under investigation is the bremsstrahlung 
from electrons that have been accelerated in the electric field that occur in the discharge. . 


In principle the electrons can obtain the necessary energy either by cyclic acceleration in induced 


electric fields arising from the growth of the magnetic field, or by a single passage through large potential 
differences that occur for short times in the discharge. 


Let us consider the first of these possibilities. Experimental investigation of pulsed gas discharges shows that 
in a number of cases the lines of current flow are curved. The longitudinal field produced by this induces an 
electric field, in which there can occur a gradual acceleration of electrons. Suppose that during the time rf the 


longitudinal magnetic field changes from the value H = 0 to H,,,,; then a simple calculation shows that an 
electron at a distance rp from the axis receives an energy 


c/s 


Measurements have shown [5} that the maximum longitudinal magnetic field does not exceed 500 oersteds, We 
make the most generous estimate, taking rg = 8 cm and r = 1 microsecond, corresponding to the duration of the 
X-ray pulse; this gives W =5-10° ev*®. The value obtained for W allows us to exclude this mechanism of 
acceleration. We note that in the calculation an asymptotic value for W was used, since r >> mc/ eH, 


A considerable longitudinal potential difference can arise in the discharge chamber for a short time as a 
result of sufficiently rapid redistributions of the current density. The strong magnetic field of the current, 
however, will oppose the acceleration of electrons in the entire region of the discharge, with the exception of 
a small part of the space near the axis. The lines of the induced electric field are closed, and the corresponding 


potential differences cannot be registered in the measurement of the voltage across the electrodes of the 
chamber. 


If one places inside the discharge chamber a wire circuit in a plane passing through the axis, then one can 
measure instantaneous values of d/dt, and consequently also instantaneous values of the electric field intensity 
near the axis. Experiments of this sort have recently been carried out [5] with a discharge of helium in an 
apparatus with a different geometry. Here in a number of cases an electric field of considerable magnitude was 


* If we consider acceleration of the electrons during their motion in a spiral along the lines of force of the magnetic 


field, then we find larger values of the energy received, but these are still clearly insufficient for the explanation 
of the experimentally observed energy of the X-ray quanta, 
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observed; its direction coincides with that of the discharge current. Electrons accelerated by this field move to 
the anode, where, according to the data on the longitudinal distribution, the maximum of the tadiation is indeed 
observed (cf, Fig. 9). At the instant of time corresponding to the appearance of the X-ray pulses the difference 
of potential determined from the experimental values of dé/ dt reaches 80 kv, Of course, this value is markedly 
different from the estimate we have given for the limiting energy of the X-rays, and only further experimental 
investigations can confirm or disprove the hypothesis of the acceleration of electrons in strong electric fields 
arising because of the rapid redistribution of the discharge current density. But X-radiation was not observed, 


The authors regard it as their pleasant duty to express their gratitude to L. A. Artsimovich for valuable 
discussions, 2nd also to S. A. Chuvatin for aid in carrying out the experiments, 
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SOLAR BATTERIES 


(ON THE DIRECT TRANSFORMATION OF RADIANT ENERGY INTO ELECTRICAL 
ENERGY BY MEANS OF PHOTOELEMENTS) 


Vv. S. Vavilov 


Consideration is given to the possibilities of direct transformation of the energy of solar 
radiation into electrical enercy by means of semiconducting photoelements. Brief descriptions 
are given of the main electrical and optical properties of germanium and silicon, and of 
methods for producing them and conwolling their electrical properties by the introduction of 
small amounts of impurities. The principle of action of photoelements with electron-hole 
junctions is discussed, and the basic parameters determining their spectral sensitivity and 


efficiency are indicated. Data are presented on the action of experimental solar batteries 
as generators of current. 


Introduction 


In the course of the next ten or twenty years atomic electric stations will come to be the source of an 
important part of the electrical energy necessary for the people's economy of our country. Regions remote from 
the usua} sources of energy will acquire the means of rapid development of industry and culture. 


It must not be forgotten, hcwever, that besides large power plants it is extremely important to have simple 
and long-lived sources of modest amounts of electrical energy that do not require technical servicing and 


can provide power for portable and stationary radio stations, intermediate amplifiers in telephone lines, and 
lighting for homes. : 


One of the ways to producs such generators is the use of semiconducting thermal batteries, proposed by 
Academician 4: F. loffe and being successfully developed in the Soviet Union. 


In the present paper we shall consider another means of direct transformation of radiant energy into 
electrical energy — the use of semiconducting photoelements. We note that in this case direct use is made of « 
the energy developed by a natural "thermonuclear reactor" — the sun. 


The fact that barrier-layer semiconducting photoelements can be used as ™ generators” of electric 
current has been known for almost 70 years, from the time of the discovery of the valve photoelement by W. A. 
Ulianin in 1888 [1}. But up to the most recent times the efficiency of conversion of solar energy by semiconduct- 
ing photoelemients (for example, the widely known selenium elements) did not exceed tenths of a percent, and 
the use of photoelements was confined to laboratory practice or, at best, to devices producing electrical power 
of the order of microwatts (for example, photoelectric exposure meters). 


The investigation of the basic properties of semiconductors, such as the mechanism of electron and “hole* 
conductivity, the lifetimes of carriers of charge in crystals of a semiconductor, and the rectification of current at 
contacts tetwcen semiconductors, has made it possible to predict the properties of photoelements of germanium 
and silicon and in practice to achieve conversion efficiencies up to 11 percent, i. c., to obtvin more than 100 
watts of electrical power from 1 m? of surface directly illuminated by the sun's rays. 
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Some Propertics of Semiconductors Used in Solar Batteries 


The basic element of a solar battery is a crystal of a semiconductor, containing two regions with different 
mechanisms of electrical conductivity separated by a siarp boundary, which has received the not entirely 
fortunate name of “clectron-hole (n-p) junction". 


A crystal of silicon, as used in solar batteries, consists of a combination of atoms; each of them is 
surrounded by four neighboring atoms, with which it is connected by valence bonds; none of the valence electrons 
of a regularly periodic crystal is able to take part in the transfer of electric charge. Like their “relative”, diamond, 
pure germanium and silicon, free from impurities and structural defects, would be insulators at and below room 
temperature. The introduction of trifling amounts (10~”+4) of impurity atoms of elements of groups III and V of the 
Mendeleev system makes it possible to control the mechanism of electrical ny and the specific resis- 
tance in various regions of the crystals. 


As an example we consider a silicon crystal containining at one of its lattice points an atom of arsenic, 
which has five valence electrons. In this case four electrons are “bound" by the bonds holding the atom at the 
lattice point, and one remains “free” and, because of thermal agitation, wanders about in the crystal; its weak 
connection with the arsenic “— comes into 4 acd only when the temperature pid reduced. Thus if in a 
silicon crystal of volume 1 cm! there are 10% atoms of arsenic among ~ 5: 10% atoms of silicon, the concen- 
tration of free electrons (negative charge carriers) is also nearly 10° cm *, and in a germanium crystal, where 
the fifth electron of arsenic is still more weakly bound, it is just 10% cm 


By using impurity atoms with three valence electrons, one can produce crystals of silicon or germaniim 
in which the electric current will be carried, as it were, by positive charges. This sort of conductivity is called 
hole conductivity, according to the following conception of the tansfer of charge. 


A trivalent atom (for example, of boron) replacing a silicon atom at a lattice point, does not have a suf- 
ficient number of electrons to fill the valence bonds with the neighboring atoms. The missing bond is supplied 
by the capture of an clectron from one of the neighbors, i. e., by the formation of a “hole” (absence of an 
electron in a neighboring atom). Successive transitions of electrons from 2tom to atom can be regarded as dis- 
placements of a positive carrier of charge in the opposite direction. The boron atom, remaining immovable at 
the lattice point, is charged negatively. The simplificd scheme considered above of course does not explain 
many peculiarities of the mechanism of elecuical concuctivity in semiconductors, in particular the large 
mobility of “holes” in their motion in an electric field or their diffusion inside the crystal. One must not lose 
sight of the fact that although the conception of “hole*" conductivity provides a correct interpretation of experi- 
inental results, in the final analysis it is only a convenient way of describing the Lchavior of an “incomplete set" 
of electrens in the crystal. The assignment to the “hole” of a positive charge, electronic mass, and mean free 
path between collisions of the order of 10° cm makes it possible to calculate the average distances that this 
disturbance of the crystal structure travels in diffusion or in its drift motion in an electric field. Since the processes 


of diffusion and drift are the main phenomena considered in the theory of semiconducting devices, the conception 
of “holes” is here an entirely suitable one. 


The main types of admixtures and the values of the mobilities of electrons and “holes” in “doped” semi- 
conductors — silicon and germanium — are given in Tables 1 and 2. 


The phenomena considered above, connected with the presence of impurity atoms in the crystal, explain 
the electrical conductivity of a serniconductor under equilibrium conditions. The action of solar batteries is 
connected with departures from equilibrium, consisting in the appearance of excess electrons and “holes” through 
the absorption of radiation by the semiconductor. Photons with energies exceeding 1.12 ev (i. e., infrared rays of 
wavelength shorter than 1.1 microns, and visible light) tansfer their energy to the silicon crystal, freeing bound 


TABLE 1 


Properties of “Dopea* Semiconductors, Si and Ge 


Chemical admixtures Carriers of charge Type of conductivity 


Donors (+) (elements of the fifth group) Excess (free) electrons (-) Electron 


Acceptors (-) (elements of the third group) “Holes” (+) . “Hole” 
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TABLE 2. (valence) electrons; the free electrons and “holes* 
that thus appear act as additional carriers of 

charge. These electrons diffuse in the crystal until 
8 26 the time when recombination takes place, i, e., the 
Electrons “Holes* disappearance of an electron from the “conduction 

onncee 1250 250 zone” and cf a Reis from the valence zonc; the 
Siematiai 3600 1700 energy thus released usually goes into the thermal | 

vibrations of the crystal, The presence of certain 


impurities that do not act as donors or acceptors can 
cause a considerable increase of the probability of recombination [8], which manifests itself in a decrease of the 


diffusion length traversed on the average by electrons or "holes", which is given by 


where r is the average lifetime of the charge carriers before recombination, D is the diffusion coefficient of the 
carriers, p is the mobility of the carriers, q is the charge of the electron, k is Boltzmann's constant, and T is the 
absolute temperature. The magnitude of Lis the most important characteristic of the purity and perfection of 


structure of a crystal of a semiconductor, and to a considerable extent determines the efficiency of semiconducting 
converters of radiant energy. 


Rather large diffusion lengths of the carriers, reaching several millimeters, are observed only in very perfect 
single crystals of semiconductors. Although the making of photoelements of high efficiency requires only that the 
diffusion lengths be not less than 0.2-0.5 mm, it is not feasible to use semiconductors in the form of layers deposited 
by chemical means or by sputtering. These layers always have a polycrystalline structure, and the boundaries 
between the grains are places of disturbance of the periodic structure and increase by a large factor the recombi- 
nation of the excess electrons and “holes”, 


We now pass cn to the properties of electron-hole “junctions” (boundaries), which are the basic elements of 
semiconducting electronic devices. Consider such a ‘‘junction", more accurately a boundary between regions 
inside one whole crystal of semiconductor. It can be produced in the following way. A large crystal is grown 
from molten material (germanium or silicon). Into the melt is lowered a small crystal (a seed or “primer”). If 
the temperature is then lowered a bit and at the same time the primer is raised, the material solidifies, beginning 
at the boundary of the partially melted primer. Successive layers or rows of atoms follow the original orientation 
of the primer crystal. Suppose at the beginning of the growth the rnelt consisted of the pure substance with an 
admixture of donor atoms. Then at a certain moment of the growth acceptors are added to the melt. After the 
whole crystal is grown and cooled, a piece is cut out, containing the boundary separating the region enrichee with 
donors from that in which the concentration of acceptors exceeds that of donors. Figure 1 shows such a crystal. 

In the right-hand part of it there occurs the phenomenon of compensation, which is extremely important from the 
point of view of the technology of semiconducting devices. It might be supposed that this part would contain a 
number of carriers of charge — electrons and “holes” — corresponding to the sum of the concentrations of both 
admixtures. But because of recombination a dynamic equilibrium is established, and there remains only an excess 
concentration of “holes” sufficient to make this part of the crystal electrically neutral. Thus for the artificial 
preparation of crystals with an n-p junction it is not necessary to remove the admixture of one type in order to use 
the addition of the other admixture to give part of the crystal the desired type of conductivity. For this it is 
sufficient to inwoduce the quantity of the admixture required to neutralize the original admixture of the other type, 
plus a certain excess. Later, in connection with the description of the technical construction of solar batteries, we 
shall return-to the methods used in practice for the introduction of admixtures. 


The boundary between the regions with different conductivities is not visible to the eye ard is not associated 
with a change of the mechanical properties of the silicon or germanium. The concen tations of the admixtures are 
so small that if we go from atom to atom along one of the crystal axes, in the extent of the whole crystal only a 
few hundred atoms will be donors or acceptors instead of atoms of the original substance. For one donor or acceptor 
there are 10-100 million atoms of the main substance, 
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Fig. 1. A crystal of a semiconductor with an electron- =x — 
hole junction, in which the p-region is formed by ° 
means of recombination. Fig. 2. Rectification of current in a crystal 


with an n-p junction. 


It is very probable that the germanium and silicon used in present-day semiconducting devices are the 
purest chemical substances ever prepared in the solid state. The concentation of impurities in the purest specimens 
of such crystals does not exceed the concentration of a gas in a vessel at a pressure of the order of 10-* mm Hg. 
The usual chemical methods for contol of impurities are of course useless for the detection of such quantities. 

They are estimated from the conductivity of the crystal, the mobilities of the electrons and “holes”, and the 
diffusion length of the carriers. 


A basic property of n-p junctions is their ability two rectify an electric current. This property is due to the 
presence of a region of space charge forming a potential barrier for electrons and “holes,” whose height can 
approach the “width of the fortidden zone", i. e., the minimum amount of energy necessary for the freeing of 
one of the electrons, i.e., the formation of a “hole”-elecwon pair. We shall give a qualitative picture of the 
phenomena that account for the rectification of current by a crystal of semiconductor with an n-p junction. 


We consider Fig. 2, which shows the distribution of charge carriers near an n-p junction. In case A there {s 
thermal equilibrium (the applied potential difference is zero). In case B the current flows in the “right” direction; 
case C corresponds to “reversed” current. The diagrams show only the carriers of charge and not the impurity 
atoms — conors and acceptors. In case A there are some “holes” in the region of electron conductivity, and in the 
hole region there are a few electrons. The number of these electrons and “holes” is determined by the conditions 
of thermal production, i.e., mainly by the energy ne for the ee of a “free” electron and by the 
temperature of the crystal 


If the negative pole of a battery is attached tw the region of electron conductivity, this region becomes 
energetically a little less. favorable for electrons and more favorable for "holes"; the height of the potential barrier 
is decreased. Some of the electrons penetrate into the region of hole conductivity, and some of the “holes® into 
the region of electron conductivity. For a sufficient potential difference in the external circuit the barrier 
disappears completely and the crystal transmits a considerable current density in the "right" direction. 


Figure 2 B illustrates the case in which the crystal with an n-p junction “blocks® the current 


The electric field applied from outside tries to remove electrons and “holes” from the boundary region. 
Penetration of the charge carriers into a “foreign’’ region cannot occur. A very weak “reverse® current flows in 
the external circuit because of the few electrons and “holes” that are liberated by thermal agitation near the n-p 
junction. The number of liberzted "holes", and consequently the reverse current, is the smaller, the lower the 
temperature and the larger the minimum energy E, that is necessary for the freeing of an electron from the system 
of “valence bonds” in the —. For germanium this energy is 0.75 ev, and for silicon 1.12 ev; because of the 


exponential dependence on C2 » te the reverse current of a silicon rectifier is smaller than for germanium one, 


The reverse currents of ammianatie rectifiers with n-p junctions in single crystals remain unchanged with 
changes of the external voltage over wide ranges (up to hundreds of volts). 
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Solar Batteries — Silicon Photoelements with Electron-Hole"Junctions®. 


If by electrical energy we mean the energy of electrons in the crystal, then a direct conversion of solar 
energy into such energy occurs in the act of absorption of photons and formation of electron-“hole” pairs. But 
if there is no n-p junction near the region of absorption of the light, the only result will be an increase of the 
concentration of carriers of charge (photoconductivity). 


Let us consider the diagram of the energy states in a semiconductor near an n-p junction; it explains the 
working principle of a photoelement capable of transforming energy. 


In Figure 3 are shown the conduction zone and the zone of valance binding, separated by the forbidden zone, 
It is seen from the diagram that in the region of the n-p junction there is a potential barrier, whose height V, 
: can be nearly Ee 


The non-equilibrium electrons and “holes® 
Energy of electrons (those produced by absorption of radiation) diffuse to 
the region of the n-p junction. We may say that the - 
potential barrier of the n-p junction “separates” them, 
i. e., the electrons freely pass into the region of electron 
conductivity, charging it negatively, and the “holes”, 
passing into the “hole® region, charge it positively. 
Owing to the changing concentration of change 
carriers the height of the potential barrier Vj, is 
decreased. If the external circuit is open, a dynamic 
equilibrium is established between the primary 
diffusion current of excess carriers and the current in 
the opposite direction caused by the accumulation of 
a space charge of “holes” in thé p-region and of 
electrons in the n-region. If the external circuit is 
Fig. 3. Energy diagram of an n-p junction in silicon. shorted, the whole diffusion current passes through it, 
1) Conduction zone; 2) valence zone; 3) Fermi limit; and in the intermediate case there is a division of the 
4) production of an electron-"hole” pair through currents between the external circuit and the interior 
absorption of a photon or ionization by a fast particte; of the crystal. As before, the sum of these currents 
5) region of hole conductivity; 6) region of n-p | is equal to the diffusion current, which can in general 
junction; 7) region of electron conductivity. be written: 


l=qaN, 


where N is the total number of pairs of carriers generated by the radiation and a is a quantity smaller than unity, 
which may be called the coefficient of utilization of the carriers [6]. The quantity a is determined by the » 
absorption coefficient of the radiation, the diffusion lengths L, and Lp of electrons and "holes", the rate of 
surface recombination of carriers, and the geometry of the pltotoelerment. In the simplest case, when the 
dimensions of the crystal exceed the diffusion lengths and the radiation is absorbed uniformly (the generation does 
not depend on the coordinates) and, moreover, only in the electron region, we have 


= 
(in this case Ig is the density of the diffusion current and N is the number of paizs generated per cm® per sec). 


Questions ecnnected with the geometry and the coefficients of absorption and recombination are considered in 
more detail in references (5) and [7}. 


In Figure 4 is shown an approximate equivalent circuit of an element of a solar battery, The diffusion 
current Ig, equal to the current at short circuit, is caused by the absorption of radiation, Thus current divides: a 


* The properties of germanium photoelements with n-p junctions are described in references [2-4]. The question 
of the conversion of the energy of nuclear radiations by means of semiconductors is considered in reference (5), and 
also in a survey article (6). 
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part of it cqual to I passes through the circuit of the 
load R, and the other part, equal to I, 1s caused by 
the reverse passage of carriers through the junction; 
the corresponding part of the developed energy is 
lost. 


The current I, can be calculated by the usual 
formula for the voltage-current characteristic of an 
n-p junction: 


ev 
Fig. 4. Equivalent circuit, and voltage-current and I,=1, (ar 1}, 
load characteristics of a semiconducting converter 
of radiant energy. 

1) Voltage-current characteristic of the n-p 
junction; 2) load characteristic; 


where V is the difference of potential at the output of 
the elemeat. 


The internal resistance of such an element is 
wv thus a function of the current through the load, and 
In=to (eX -1), consequently of the size of the load, The expression 
av for the limiting value of the efficiency of the energy 
t=1,-Io(e *T~4). converter can be writted in a simple form if we assume 
thata = 1, i. e., that there is no recombination, In 
this case all the non-equilibrium carriers that are 
produced diffuse through the n-p junction, If in the 
original process (photoelectric effect, ionization) the energy W is expended in the formation of a pair of carriers, 
then, since the potential difference is equal to V and the fraction of the current going into the-load R is equal — 


to ia , the efficiency n can be expressed in the following form: 
d 


In the conversion of the energy of monochromatic light 


W =by, 


i. e., the whole originally absorbed energy is expended in the formation of an electron-"hole” pair, but the excess 
energy hy — Ee is ordinarily lost, going into the thermal vibrations, 


From the equivalent circuit and voltage-current characteristic of the n-p circuit as given above, it follows 
that the maximum potential difference Vp depends on the temperature, the zero-voltage resistance Rp and the 
diffusion current Ig in the following way: 


where Rg is related to the saturation current Ip of the n-p junction: 


kT 


From the expression given it is clear that the voltage Vo is primarily determined by the current Ig (i. e., by the 
intensity of the incident radiation) and the resistance Rp. It is obvious that n- -p junctions in silicon, where the 
saturation currents are. very small (of the order of 10°’-107* amp/cm*) are decidedly preferable to those in 
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germanium, in which the saturation currents are usually [5) 10°-10° times greater, This difference is mainly due 
to the greater width of the forbidden zone in Si (1,12 ev) as compared with Ge (0.75 ev). 


It has been shown theoretically that the efficiency of silicon photoelements with n-p junctions for the 
conversion of solar radiation (for normal incidence of the sun's rays), for elements at the temperature 25°C, can 
reach 18%. A slight cooling, (for example, to 0°C) leads to an increase of the efficiency [5]. It would seem that 
a still greater increase of the efficiency could be achieved by increasing the inténsity (for example, by means of 
lenses) and lowering the reflection coefficient, which for silicon comes to 28%. But it must be taken into account 
that at large concentrations of excess carriers of charge their lifetime decreases [8], which leads to a slowing of 
the growth of the efficiency with the intensity [6]. A lowering of the reflection coefficient by the known inter- 


ference method (non-reflecting coatings) is possible only in a rather narrow wavelength interval and obviously 
. can give only a small advantage in the conversion of solar energy. 


Photoelements that have received the ome “solar batteries” were constructed in 1954-1955. They consist 
of silicon crystals of large area (up to 4 or 5 cm? per element) with n-p junctions located very near the surface 
on which the radiation falls (Fig. 5). The part of the solar radiation that is most effectively converted is absorbed 
in a surface layer of depth of the order of 25 microns. The problem of obtaining single crystals of silicon with 
the necessary diffusion length of electrons and “holes”, not less than 0,2-0.5 mm, presents great difficulties up 
to the present time, and has been successfully solved only on a small scale. For this purpose use is made of 
complicated chemical methods of purification and a final purification by melting by zones without a crucible, 


and also growing the single crystals in crucibles of specially prepared quartz in an atmosphere of hydrogen or 
inert gases. 


Another technical difficulty is the —— of a surface electrode that is transparent for visible and 
infrared radiation, 


This problem , as well as the nen of the n-p junction itself at the required distance from the surface 
of the crystal, was solved by an application of a method of thermal diffusion of the impurity atoms. According 
to the data [10], the best results were obtained by the use of diffusion of boron, which is an acceptor, into n- 
silicon at a temperature near the melting poiat of silicon (1400°C), One of the possible methods consists of 
prolonged heating of plates of n-silicon (containing arsenic) in an atmosphere of a gas containing boron. The 
depth of the diffusive penetration of the boron is determined by the temperature and the duration of the heating. 


Near the surface the silicon is strongly saturated with 
Stream of photons boron atoms and becomes a hole semiconductor with 
(solar radiation) very low resistance, so that the need for a special 
i f / / / d / / / electrode is obviated. The concentration of boron 
Tons falls with increasing distance from the surface, and at 
: Ss a depth of 2-3 microns it becomes equal to the initial 
concentration of arsenic. The boundary corresponding 
to compensation determines the position of the n-p 
junction. After the plate is cooled the distribution of 
the impurity atoms, and consequently the position and. 
properties of the n-p junction, remain completely 
fixed, since the rate of diffusion of impurities at any 
working temperature of the element is negligibie. In 
one of the surfaces of the plate a depression is made by 
4 honing, after which metal electrodes are applied 
Fig. 5. Section of an element of a solar battery. pore or sputtering (Fig. 5). An pach “is nas. 


for obtaining high efficiency is the low rate of surface 
recombination, which is achieved by etching the surface of the silicon, So that the quantity @ will not decrease 


during long subsequent operation, the complete photoelements are enclosed in flat protective cases of plastic, 
transparent for visible and infrared radiation (Fig. 6). In some varieties use is made of immersion in transparent - 
liquids, or of filling the cases with gases, to preserve optimum conditions at the surface of the silicon [9]. 


Cystent 


In order to show the characteristics of the silicon photoelement as a receiver of the solar radiation coming 
to the earth's surface, we consider Fig. 7, which shows three curves, Curve A shows the distribution of energy in 
the solar spectrum in relative units. This distribution is drawn from data taken in clear weather With the sun atthe 
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Fig. 7. Spectral characteristics of a silicon photo- 
element. 

A) Distribution of energy in the solar spectrum; 
B) distribution of number of photons in the solar 
spectrum; C) sensitivity of a silicon solar battery 
operated at short circuit 


‘ig. 6. Solar battery composed of 432 silicon photo- 
elements. Useful output power, 10 watts. Limiting 
potential difference, about 200 volts. 
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0% Fig. 9. Load characteristic of a 
Intensity of illumination silicon photoelement 


Fig. 8. Dependence of the emf and short- 
circuit current of a silicon photwoelement 
on the conditions of illumination at 25°C. 
100% means direct illumination by the 
sun's rays.- 


zenith, Curve B is obtained from A by multiplying 
the latter by the wavelength }; it gives the relative 
numbers of photons present in various portions of the 
spectrum. Curve C shows the sensitivity of 2 silicon 

, photoelement (for current at short circuit), This 
curve was obtained by means of a monochromator, from the exit slit of which equal amounts of energy were sent 
to the photoelement at various wavelengths. Then the values of the sensitivity (i. e., the values of the short- 
circuit current) were multiplied by the relative values of the energy flux in the solar spectrum for the same 
wavelengths, 


We recall that at the left side of the diagram the energies of the photons are large, and the number 
corresponding to a given energy flux is smaller. 


Photons with energy below 1.12 ev pass through the silicon crystal without producing any electron-“hole® 
pair. The excess energy of photons of higher frequencies is expended uselessly in heating the silicon, Besides 
this, part of the energy is lost because of the fact that the production of electrons and “holes® is particularly 
large near the very surface of the crystal, i. e., in the region of increased recombination rate,owing to structural 
defects and surface impurities. According to the data [9] the maximum conversion eificiency in silicon photo- 
elements occurs at A = 0.75 p, at the boundary between the visible (red) and the infrared parts of the spectrum. 
It is interesting that this wavelength corresponds almost exactly to the maximum number of photons in the 
spectrum of solar radiation (cf. curve B of Fig. 7). Thus for a location of the n-p junction near the surface, a 
silicon photoelement is very close in its spectral sensitivity to a receiver that is idea] from the point of view of 
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the conversion of solar energy. Because clouds and fog are relatively transparent for infrared rays, solar batteries 
continue to work in cloudy weather, though indeed with somewhat lower efficiency. 


In Figure 8 is shown the dependence of the emf and the short-circuit current of a silicon photoclement on 
the conditions of illumination at 25°C, The load characteristic of a similar photoelement is shown in Fig. 9; in 
this case the abscissas are potential difierences across the load for various values of the load resistance. The 
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Fig. 10. Operation of an experimental solar battery eee of area 10 cm* over a 
with various conditions of illumination. 


load characteristics for smaller illuminations have their maxima at nearly the same values of the voltage — 
about 0.3 volts per element. This means that a receiver requiring constant input voltage, for example a 
storage battery, can be used in combination with a solar battery over a wide range of conditions of illumination, 


From the point of view of practical use, great importance is attached to data on the operation of sources of 
electrical power, such as solar batteries, for long periods of time. Rather a short time has passed since the 


construction of the first experimental models, but nevertheless we can present the re results, from which 
some estimates can be made. 


In Figure 10 are shown curves characterizing the action ofa email experimental battery (area about 10 cm’) 
under different conditions of illumination. The curve in Figure 11 gives daily averages of charging current from 


such a battery for nearly 7 months, and graphically shows the lowering of the daily average charging current with 
shortening of the days, and the growth of the current after the winter solstice, 


There can be no doubt that in the course of the next few years there will be developed simple and sufficiently 
cheap methods for producing semiconducting photoelements with large areas and high efficiencies, after which 
the direct conversion of solar eneagy will take its proper place in “small-scale energetics®. — 
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DECOMPOSITION OF PLUTONIUM OXALATES BY 
INTRINSIC ALPHA RADIATION 


V. V. Fomin, R. E. Kartushova and T. I, Rudenko 


Decomposition of the oxalates of tri-, tetra- and hexava- 
lent plutonium was studied in air and in a vacuum at room teme- 
perature and —80° both under illumination and in darkness, It 

_was found that the decomposition is caused by alpha radiation 
from the plutonium, but in the oxalates of tetra- and hexavalent 
plutonium the carbon monoxide which is formed acts as a reduc- 
ing agent which transforms the tetravalent plutonium to the tri- 
valent form and the hexavalent to the tetravalent, The oxalates 
are then transformed into carbonates and, apparently. also par- 

tially into oxides or an oxyoxalate-caibonate mixture, 


In the study of the properties of tetravalent plutonium oxalate it was discovered that protracted storage in 


air at room temperature is accompanied by a change of color and loss of weight, The decomposition products 
were analyzed by combustion in oxygen as described in reference [1]. 


The results of a few analyses are given in Table 1, These show that the oxalate disintegrates during store 
age, as the relative content of oxalate ions and of water decreases and the amount of plutonium increases, When 
the residues formed after storage of tetravalent plutonium oxalate for a few months are treatcd with acid a gas 
is liberated, The plutonium content of the resulting solutions is much larger than would follow from the solu- 
bility of Pu(C,0,,-6H,O, From these experiments it may be concluded that the oxalate is transformed into a 
carbonate during storage, 


A more detailed investigation was begun of the transformation of stored plutonium oxalate not only for 
tetravalent plutonium but also for trivalent Pu, (C,0,)3- 9H,O and in part for PuO, (C,0,)- 2H, 0, 


For the purpose of determining the cause of this transformation and the composition of the products a 
chemical analysis was made of the transformation products, the absorption spectra* of the compounds was stud- 
ied both in the solid state and in solutions and observations were made of the pressure changes of the gases liber- 
ated from oxalates stored in a vacuum, Absorption spectra were taken for oxalates of wi-, tetra- and hexava- 
lent plutonium and their decomposition products when stored in air and in a vacuum at room temperature for 
various periods of time, The measurements were made at the temperature of liquid nitrogen with a triple prism 


glass spectrograph (ISP-51), The microphotograms of the absorption spectra were taken with a recording mi- 
crophotometer, 


In the case of the solid salts a thin layer of the preparation was placed between two watch glasses, A 
comparison of the absorption spectra (Fig. 1) of freshly prepared trivalent plutonium oxalate with the products 
of its transformation shows that the latter retained the absorption bands which are characteristic of the initial 
compound, Some changes of band structure, in particular the disappearance of individual sharp components, 


The spectrophotometric studies were made by L, V, Lipis, 
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Table 1 


Change of Composition of Tctravalent Plutonium Oxalate as a Function of Time 
of Storage 


Storage Content( %) 


period. 
(months) co, 


Fig. 1. Microphotograms of a portion of the ab Fig. 2, Microphotograms of a portion of the ab- 
sorption spectrum of trivalent plutonium oxalate . sorption spectrum of tetravalent plutonium oxalate 
and of its decomposition products, and of its decomposition products. 


a) Fora freshly prepared oxalate of trivalent pluto- a)For a freshly prepared oxalate of tetravalent plu- 
nium; b) for an oxalate stored in air for 2 months; tonium; b) for an oxalate stored in air for 2 months; 
c) for an oxalate stored in a vacuum for 17 months, c) for an oxalate stored in a vacuum for 17 months, 


evidently result from the loss of water of crystallization and from the transformation of the oxalate into a new 
compound, The valence of the plutonium in the resulting compounds does not change, 


For tetravalent p!utonium oxalate (Fig. 2) the absorption spectra of the decomposition acne no longer 
agree with the spectra of the freshly prepared specimen; 


After limited storage in air and prolonged storage in a vacuum there is a clear reduction of tetravalent 
plutonium to the trivalent form, However, a visual study of the absorption spectrum of a specimen which was 
kept in air for 17 months showed that the plutonium was mainly in the tetravalent.state, This can be explained 
by subsequent oxidation of the previously formed trivalent plutonium, 


The microphotograms (Fig, 3) show that when the hexavalent plutonium oxalate fs stored a change of 
valence also takes place, 


This can be determined from the disappearance of the band which is characteristic of hexavalent pluto- 
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nium, In the sulfuric acid solution of a speciinen which 
had remained in a vacuum for 17 months the absorption 
spectuuum revealed the characteristic band of tetravalent 
plutonium near 480 mp, 


The decomposition of the oxalates of tri- and 
tetravalent plutonium may be due to photochemical 
reduction, but this explanation can hardly apply to 
trivalent plutonium oxalate, Another cause may be 
the action of alpha radiation from the plutonium, 


The effect of light was first studied, For this pur- 
pose tetravalent plutonium oxalate was put into am- 
poules which were kept in darkness for a year, Analysis 
showed that the change of composition was similar to 
the change observed following storage under light. Con- 
sequently, light is not important for the decomposition 
Fig. 3. Mictrophotograms of a portion of the ab- of tetravalent plutonium oxalate, 
sorption spectrum of hexavalent plutonium oxalate 
and of its decomposition products. 


It is easily calculated that if all the energy of 
alpha radiation from plutonium is absorbed by the oxa- 
a) For a freshly prepared oxalate of hexavalent plu- _—jate and that the decomposition of a molecule requires 
tonium; b) for an oxalate stored in air for 2 months; 100 ev, the rate of decomposition should be about 0,4% 
c) for a solution of the decomposition products of of the oxalate per day, Therefore it is entirely possible 
hexavalent plutonium oxalate stored in a vacuum that the observed decomposition is caused by alpha ra- 
for 17 months, diation, In order to verify this, experiments were per- 

formed in which tetravalent plutonium oxalate was 
kept in evacuated vessels at room temperature and at ~ 80°C, Samples (containing 50 mg of plutonium) of 
freshly prepared oxalate were placed in suspended quartz test tubes which were then put inw a glass vessel con- 
nected with a mercury manometer, The air pressure was reduced to 10°* mm Hg and the vessel was sealed, 
The initial position of the mercury was recorded and the pressure was measured periodically, During two weeks 
at —80°C no liberation of gases was observed, After two weeks the vessel containing the oxalate was heated to 
room temperature at which it was maintained for two hours, The pressure then rose to 107 mm; following this 


the vessel was again cooled to —80°C, ‘The pressure fell to 75 mm, which is in satisfactory accord with the 
lowered temperature, 


After a week at —80°C the pressure had not 
changed, The cooling was then discontinued and the 
pressure rose to 132 mm at room temperature, The 
pressures of 107 and 132 mm corespond to pressures ob- 


: 80 tained in a parallel experiment at room temperature, 
although in the latter case the pressure rose gradually, 
Time, Therefore we conclude that the decomposition of an 


. oxalate at —80°C proceeds at the same rate as at room 
Fig. 4. Changes of pressure during decomposition of temperature but that the liberated gases are not separa- 


plutonium oxalates over a period of 17 months. ted from the crystals because of a slow diffusion rate, 
I) Tetravalent plutonium oxalate; II) trivalent plu- In our opinion, this experiment shows that the de- 
tonium oxalate, composition of tetravalent plutonium oxalate results 


from alpha radiation, As a confirmation we performed 
experiments with sodium oxaJate, This latter compound was carefully mixed with finely pulverized plutonium 


dioxide, The powder was stored for two months, Analysis showed that a portion of the sodium oxalate had 
been converted into the carbonate, 


These results for the decomposition of the oxalates by alpha rays are confirmed by the experiments of 
Bertold Stech [2], The latter used x-rays to examine sodium oxalate which had been subjected to alpha tadi~ 
ation and concluded also that it had been converted into the carbonate, 


In order to obtain an idea of the rate of spontaneous decomposition of the plutonium oxalates experiments 
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Table 2 Table 3 
Quantity of CO, and CO Formed by the Decomposi- Decomposition Products of Tri- and Tetravalent Plu- 
tion of Trivalent and Tetravalent Plutonium Oxalates tonium Oxalates 

(the samples of oxalates containcd 50 ing of plutoni- 
um and were stored for 17 months). - Content (*) 
Initial Compound 


Quantity of gas¢g) C,0,| CO, | 1,0 


Substance 


- Trivalent plutonium 


oxalate 17.35] 7.5] 112 


Trivalent plutonium 


oxalate 0.0030 0.0010 Tetravalent plutonium 


oxalate 66.7 | 15.7 {10.8} 6.25 


Tetravalent plutonium 
oxalate 0,0090 0.0013 were performed in which the tivalent and tetavalent 
plutonium oxalates were kept in evacuated vessels, as 
described above, but at room temperature, The decomposition was observed for 17 months, The observed pres- 
sure changes are shown in Fig, 4, where the measurements made at various temperatures are reduced to 0°C, 


The volumes of the vessels were 30 and 27.6 ml; the specimens of the oxalates contained approximately 50 mg 
of plutonium, 


The curves show the possibility of making a qualitative comparison of the decomposition rate of plutonium 
oxalates of different valences, It is seen from a comparison of the curves that the pressure in the case of the 
tetravalent plutonium oxalate increased more rapidly during 2 months than for the trivalent plutcnium oxalate, 
After 17 months a constant pressure had not been reached but the rate‘of pressure changed as compared with the 
first few days had been considerably slowed down (0.1 mm per day instead of 4mm), It is difficult tw obtain a 
numerical value for the rate of decomposition from the data since the pressure is caused not only by the carbon 
monoxide and carbon dioxide formed through decomposition but also by water vapor formed a the efflo- 
rescence of crystal hydrates and by the products of their decomposition, 


The conversion of an oxalate into a carbonate should lead to the formation of carbon monoxide in an ex- 
cited state, which can reduce hexavalent plutonium into the trivalent and tetravalent forms, To verify this as- 
sumption we determined the quantity of carbon dioxide and carbon monoxide accumulated in the sealed am- 
poules when the oxalate was kept for 17 months, The results are shown in Table 2, 


From Table 2 it can be seen that the relative amount of carbon monoxide in the experiments with trivalent 
plutonium oxalate is considerably larger than for the tetravalent form, 


A number of analyses of the decomposition products were performed; the content of plutonium, C,0, and 
water were determined by Penfield’s combustion method [3] using Berg's buret [4] and potentiometric titrimetry 
with potassium permanganate, To measure the carbon dioxide the specimen was dissolved in sulfuric acid - 
through which oxygen was blown after being purified of organic impurities, carbon dioxide and moisture, The 
oxygen and carbon dioxide formed as a decomposition product entered a flask for titration which was filled with 
Ba (OH), titrant, where the carbon dioxide combined with the barium carbonate, which was then separated by 
filtering, The remainder of baryta water was back-titrated in a 0,1 N solution of HCL 


For the titrimetry it was assumed that all of the plutonium had the same valence; the oxalate content was 
determined from the difference between the quantity of permanganate used in titrating the hot solution and the 
quantity required to oxidize the plutonium, The average decomposition products obtained after 17 months stor- 
age of the oxalates at room temperature are shown in Table 3, 


It follows from Table 3 that the composition of these products can be expressed by the formulas 
Pu (C2 64 (CO3)9 


for initial ttivalent and tetravalent plutonium oxalates, respectively. 


The oxygen content was determined from the condition of saturation of all plutonium valence bonds, 
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§ Thus, a chemical analysis shows that under irradiation the plutonium oxalates are gradually transformed 
3 into carbonates and later, apparently, into oxides, There is the possibility of formation of mixed oxyoxalates 
or oxycarbonates as well as oxalate -carbonates, 


When the tetravalent plutonium oxalate is kept In air at room temperature for 17 months the decom posi- 
i ene is comparatively more complete, In this instance the specimen contained; PuO, - 83.6%, C,0, or CO, - 
; 6.1% (not separated) and H,O - 5.8%, 


The reducing activity of the carbon monoxide leads to the result that during the same time — the 
number of decomposing C,0, groups in the tetravalent plutonium oxalate fs almost twice as large’ as in the 
trivalent form, per mole of plutonium, 
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A STUDY OF THE IODIDE PROCESS OF REFINING ZIRCONIUM® 


THE LOWER ZIRCONIUM IODIDES AND THE EFFECT OF TETRAIODIDE 
PRESSURE ON THE RATE OF METAL DEPOSITION 


V. S. Emelyanov, P, D, Bystrov and A, I, Evstyukhin 


It was shown in Part I that the rate of zirconium deposition is determined principally by the tetraiodide 
vapor pressure in the reaction tube and is only slightly dependent on the temperature of the raw metal, How- 
ever, the experimental data was insufficient to explain the nature of the influence exercised by the tetraiodide 
vapor pressure on the rate of metal deposition, For the purpose of solving this problem we especially need more 
reliable information concerning the lower zirconium iodides since it is quite obvious that the latter play an im- 
portant part in the refining process and under certain conditions may even determine the entire course of the 
process, We discuss below the principal experimental results obtained from an investigation of the conditions 
for formation of the lower iodides in the reaction tube and their roles in the preparation of zirconium iodides, 


Formation of Lower Iodides on the Raw Metal Surface 


According to Fast [i] zirconium iodide is formed on the surface of powdered zirconium at 400°C, while 
at 560°C the diiodide is formed, . 


Doring and Moljere [2] explain the observed dependence of the rate on the tube temperature by the forma- 
tion of the lower iodides on the surface of the raw metal, On the other hand, Rainor [3] believes that this de- 
pendence can be explained by a change of pressure in the tube rather than by the formation of a lower iodide 
on the raw metal, These writers (2, 3] do not report any specific data on the characteristics and conditions for 
the formation of the lower zirconium iodides in the reaction tube, and their conclusions regarding the role of 
these iodides in the preparation of zirconium by the iodide method are apparently based on indirect observa- 
tions, 


In our experiments, after the refining process we almost always found on the surface of the raw zirconium 
rod a deposit of a lower iodide which was black, brown-black or sometimes blue-black in color, 


Chemical analysis showed that the deposit on the zirconium rod which was formed at comparatively low 
reaction tube temperatures (300-500°C) was close in composition to the triiodide, The composition of samples 
of the lower iodide in different experiments fluctuated considerably, Experiments on the dissociation of the 
lower iodides, which will be described in another article, showed that these fluctuations are caused by the exis- 
tence of a broad range of solid solutions on a triiodide lattice base, These experiments indicated that zirconium 
triiodide dissociates at a considerably lower temperature than the diiodide and that, consequently, at sufficient- 
ly high temperatures and low pressures of the tetraiodide not Zrl; but Zrl, should be formed on the surface of 
; the raw zirconium, In fact. the lower iodide which was near Zrl, in composition was obtained at a zirconium 

rod temperature of 620°C and tetraiodide pressure of about 25 mm Hg. 


* Part Il, Part I was published in \tomic Energy 1956, No, 1, 43, 
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Lower Iodide Formation on the Surface of a Heated Zirconium Rod 


The lower zirconium iodides are not only formed on the surface of the raw metal, We have also ob= 
served the formation of a lower iodide on the surface of an incandescent zirconium bar, 


This phenomenon is similar to that observed by Runnols and Pidgeon [4] in a study of the iodide process 
for titanium, 


The forniation of a lower iodide on the surface of the rod can be explained as follows, When a reaction 
tube containing a large excess of the tetraiodide is heated, then at a sufficicntly high tetraiodide pressure ( which, 
as we shall sce below, depends on the temperature of the rod) puffs of "smoke" appear around the zirconium 
rod which soon cloud up the entire tube, As the tetraiodide pressure is raised the rate of formation of this smoke 
increases, When this process continues for a long time the current through the rod begins to drop, thus indica- 
ting dissolution of the bar, When this process ends the tube contains a certain quantity of very fine black or 
brown-black powder which has settled on the bottom, Chemical analysis showed that the powder was close in 
composition to the triiodide, In this instance, just as in the case of the tiiodide formed on the surface of the 
raw metal some deviations from the stoichiometric composition were observed, We performed a series of ex- 

- periments for the purpose of determining the nature of this new phenomenon, - 


1. Effect of the material of the rod on the formation of the lower fodide, 


When a tungsten wire was uscd instead of the zirconium rod no formation of a lower iodide was detected 
in the tube, From this one can conclude that the formation of a lower iodide is the result of some reactions on 


the surface of the heated zirconium rod, This is supported by the fact that the rod is dissolved in the formation 
of a lower iodide, 


2. Role of the raw metal, 


If the lower iodide is formed by a reaction on the surface of the rod it may be assumed that the presence 
of the raw metal is not required, An experiment performed in the absence of raw metal (the rod had been 
coated) confirmed this, Thereafter all experiments on the production of a lower iodide were performed with- 
out the presence of raw metal, ; 


3. Effect of the tetraiodide vapor pressure in the tube and of the rod temperature on the formation of a 
lower iodide, 


Preliminary experiments showed that the lower the tube temperature (and, consequently, the lower the 
tetraiodide vapor pressure), the lower was the rod temperature at which the first “smoke” puffs appear, 


For a more exact determination of the mutual dependence of the rod temperature and tube pressure an ore 
dinary reaction tube was used with an auxiliary tubular section for providing tetraiodide vapor pressure, After 
coating of the rod the raw metal was removed, the tube was washed with water and again evacuated and then 
filled with the tetraiodide in sufficient quantity to provide a saturated vapor at the temperature of the experi- 
ment, Following this the tube was placed in a furnace and heated to 450°C, The end of the auxiliary tube was 
maintained at a lower temperature (from 30C to 430°C), which determined the tetraiodide vapor pressure in the 
tube, Each temperature was maintained for 1 to 1,5 hours in order to establish equilibrium in the tube, During . 


this time the rod was maintained at a somewhat higher temperature.than the temperature at which the lower 
iodide appeared, 


When stability had been achieved the bar temperature was gradually dropped until the first puffs of smoke 
appeared; this temperature was registered, The. temperature of the bar was then again raised by 20-30° and ~ 
maintained until the smoke disappeared from the tube, The rod temperature was again lowered and we deter- 
mined the time of appearance of the lower iodide, In this way a few temperatures were obtained for the same 
tetraiodide vapor pressure, The average temperature was taken as the temperature of appearance of the lower 
iodide, This temperature will be designated briefly hereafter as the “critical temperature” (toy) and the core 
responding pressure will be called the “critical pressure” (P.,). 


The data obtained from these experiments is presented in Fig. 1, From the preceding discussion it follows 
that the region above the curve corresponds to the operating conditions for the normal process (the rod is coat- 


ed); the region below the curve corresponds to operating conditions for the formation of the lower iodide (the 
bar dissolves), 
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It should be noted that at low 
tetraiodide pressures and, conse> 


1800 quently, at comparatively low rod 
ee temperatures the formation of the 
pm —_ lower iodide procceds very sluggish- 

ad sy ly and it is very difficult to deter- 

nee “a mine the critical temperature by 
the inethod described above, There 
* 1950 A. fore the onset of the formation of 
E 1900 4 the lower iodide at small tetraio- 
2 4259 x dide pressures was fixed not by the 
% * J appearance of the first smoke puffs 
but by the darkening of the thin 
=: © Calculated pressure quartz tube fastened ove; the bar, 
salts: * Pressure measured directly Upon the appearance of the lower 

50 iodide the bright quartz tube was 

1000 ; darkened by the deposition of par- 

¥ 950 ticles of the lower iodide, 

100 200 300 “00 500, (600 700 

. Pressure in tube, mm Hg In most experiments the tetra- 

iodide pressure has been determined 

i Fig. 1. Temperature of rod at which lower iodide appears as a func- by a calculation [5], Some experi- 

; tion of the tetraiodide vapor pressure in tube, ments involved direct measure ments 


of the pressure in the tube, For this 
purpose a quartz manometer in the form of a flat thin-walled spiral was sealed into the tube in which the lower. 


iodide was formed, The corresponding experimental values are represented by triangles in Fig. 1. 


Formation of Crystalline Deposits of the Lower Zirconium lodide on the Rod 


When the formation of the: lower fodide has proceeded for a long time another interesting phenomenon is 
; observed: the lower iodide is formed not only as a very fine powder which settles to the bottom of the tube but 
: i also begins to accumulate around the rod itself forming a sort of sheath after a time, through which the bar can 
hardly be seen, This covering is retained when the tube is cooled, Its shape varies — at times it is cylindrical, 

at other times it is flat. Fig. 2 shows a tube with two such flat "flags", In external appearance this lower io- 

dide differs from the powdered form by the fact that in this instance the iodide has a pronounced crystalline - 

form. However, x-ray analysis shows that both products are identical and their external difference apparently 

f results from the difference in the conditions under which they are formed, 


Nature of the Processes on the Rod 


The phenomenon described above can be explained very simply if it is assumed that the formation of the 


lower iodides takes place not only on the surface of the raw metal but also around the surface of the hot zirco- 
nium rod, 


As a result the gas phase on the surface of the hot zirconium rod will consist of Zrl, L, I,, Zrly and Zr 


vapors close to thermodynamic equilibrium (since the temperature of the rod is high and the reactions apparent- 
ly take place very rapidly). 


Because of the different concentrations of the gaseous components continuous diffusion occurs at the surface 
of the rod and at the surface of the raw metal; the molecules of the lower iodides and of iodine diffuse to the 
raw metal, With increased distance from the rod the temperature of the gaseous mixture drops so that its mo- - 
lecular composition undergoes change; the lower iodides react with the iodine in the reaction 


Zr, + Ae Zh. (2) 


There are three possible cases: 


1, Small tetraiodide vapor pressure in the tube, There is a correspondingly small concentration of lower 
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Fig. 2b. Accumulation of lower fodide-at end of rode 


fodide vapor on the surface of the heated rod, In this case with increasing distance from the rod the lower 
iodides practically disappear by reacting with the iodine, while some portion of the free iodine remains, This 
“residual” iodine reaches the surface of the raw metal and accomplishes its transfer to the rod, 


2, With a rise of tetraiodide vapor pressure the partial pressures of the fodine and lower fodides around the 
surface of the rod will be increased, As can be seen from the graphs given below, at comparatively high tetra- 
fodide pressures the icdine pressure increases much more slowly than the diiodide pressure®, At a certain etra=- 


* This also holds true for the trifodide, 


oft 
. 
Fig, 2a, Reaction tube which shows a lower zirconium iodide forming flat hollow “flags” on zirconium wires, 
4 
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iodide pressure the equilibrium pressures of the fodine and lower iodides will be such that at a distance from the 
rod these. substances will practically disappear aud only the tetraiodide will remain in the gas phase, The num- 
ber of fodine molecules which will reach the raw metal will drop to zcro and the transfer of the metal will be 
completely halted, The tetraiodide vapor will then be at the critical pressure, 


3. With further increase of tetraiodide vapor pressure the zirconium rod begins to dissolve and the lower 
iodides are formed in such quantity that in the flow from the rod there will not be sufficient fadine for their 
complete binding and the excess of lower iodide vapor will be borne from the rod by convection currents, forme 
ing the smoke which we observed, . 


According to the experiments, the greater the difference between the actual pressure in the tube and the 
critical pressure, the greater the excess of lower iodides formed and the more rapid the formation of the smoke 
should be, The experimental relationship P,, = f(t,,) can be explained by the fact that increased rod tempera 
ture increases the equilibrium fodine concentration around the rod, in connection with which, as follows from 
the above discussion, the critical pressure should rise, 


Although the final product of the processes taking place at the surface of the zirconium rod is the nifodide, 
this does not mean that the triiodide is formed immediately around the surface of the rod, It is possible (and 
also, as we shall see below, more probable) that zirconium diiodide is formed at the surface of the rod and that 
the tiiodide is a secondary product formed at some distance from the rod by the reaction 


Zrl, + = 2ZrL (3) 


The formation of a macrocrystalline mass of lower iodide on the rod takes place, we believe, as follows, 
At the onset the surface of the heated rod is smooth, The lower iodide vapor formed at a small distance from 
the rod condenses in extremely fine particles which are borne from the rod by convection currents, As the dis- 
solution of the rod proceeds its surface becomes more and more “dirty” -- small scales of an oxide film and, 
possibly, other impurities appear on it, The ends of such scales can stand out from the rod to such a distance 
that their temperature is lower than the condensation temperature of the lower iodide vapor, These “cold” 
scales can become condensation cente:s of the lower iodide, Consequently, in this case the condensed lower 
iodide is not removed from the rod but begins to accumulate at some distance therefrom, Growing gradually, 
such condensation nuclei finally cover the entire rod, This process usually begins at the ends of the rod but 
cases have been observed in which the black lump of lower iodide was formed in the middle of the rod, 


The accumulation of lower fodide on the rod gradually sinks lower under the influence of gravity and as a 
result of evaporation of the lower iodide around the surface of the rod. As a result the lower iodide forms a flat 
hollow flag. The crystalline form of this flag can be explained by the higher temperature (and consequent 
greater molecular mobility) at which this form of the lower iodide is produced, 


In our opinion, this is the nature of the processes which occur on the surface of the zirconium rod. 


In conclusion we consider it necessary to point out the following fact, Since in the work by Rainor to which 
we have referred he does not report dissolving of the rod we can conclude that in his experiments the tetraiodide 
pressure never exceeded its critical value, This confirms, in particular, our earlier hy pothesis based on other 
data, that Rainor’s optimum quantity of iodine is many times greater than the amount actually present in the 
gas phase in his experiments, 


We recall that according to Rainor the optimum quantity of iodine is about 82.5 g per liter of volume of 
the tube when the temperature of the latter is 460°C. This should correspond to a tetraiodide pressure of about 
3 atmospheres, which is about 40 times greater than the critical pressure at a rod temperature of 1200°C, 


Effect of Tetraiodide Vapor Pressure on Rate of Deposition 


1, Role of the lower iodides on the raw metal surface 


If the lower icdides actually passivate the raw metal surface, this effect can have two different causes; 


1) The reaction of the lower iodide with iodine proceeds rapidly, but the equilibrium fodine pressure near 


the raw metal surface éovered with the lower iodide is high, being commensurable with the iodine pressure a- 
round the rod, 


2) The iodine equilibrium pressure is low but iodization proceeds slowly, The iodine diffusing from the rod 
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cannot react with the raw metal and {ts pressure on the surface of the latter again becomes commensurable 
with the iodine pressure around the rod, 


In both instances the increased iodine pressure around the raw material results in a decreased concentration 
gradient of the diffusing substances and, consequently, to a decreased rate of transfer of zirconium to the rod, 


We performed experiinents which showed that the cause does not lie in the fodization rate of the triiodide, 
In these experiments the original material was zirconium triiodide, The process occurred in a tube containing 
two tungsten wires on one of which zirconium had been deposited to a diameter of about 1,5 mm. The other 
tungsten wire was left uncoated, In this tube, just as in the experiments on the preparation of the lower iodide, 
we introduced a large quantity of zirconium tetraiodide, 


At a tube temperature of 450°C the coated wire was heated up and a layer of triiodide appeared on the 
bottom of the tube; the tube temperature was then lowered to 150-350°C and the usual deposition of zirconi- 
um took place on the second wire, : 


The dependence of deposition rate on tube temperature® found in this way agrees with the usual curve ob- 
tained by using a zirconium rod as raw material, 


This shows that the triiodide interacts with the fodine just as easily as does metallic zirconium, Thus the 
possibility of passivating the raw material with the triiodide only amounts to shifting the equilibrium in reac- 
tion (1)strongly to the left, 


We performed an experimental estimate of the order of magnitude of the free iodine pressure around the 
surface of the heated rod and at the surface of the raw material, For this purpose we inserted into the usual reac- 
tion tube a capillary whose length and diameter were such as to ensure a sufficient flow of vapor from the tube 
into an ampoule cooled by liquid nitrogen, without greatly disturbing equilibrium in the tube, 


The end of the capillary in some of the experiments touched the surface of the zirconium rod and drew 
off the gas from the surface of the heated rod and from its immediate vicinity, In other experiments the capil- 
lary was lowered to the raw metal, Dae 


Before the beginning of an experiinent the collecting ampoule was separated from the tube by a thin dia- 
phragm which was fractured after the required conditions had been established in the reaction tube, 


The condensate in the col!ecting ampoule consisted of the tetraiodide and iodine, From its weight and 
from the tetraiodide pressure in the tube, which was given by the temperature of the end of the auxiliary tube, 
we were able to calculate the iodine pressure, 


The removal of gas from the surface of the raw metal preceeded at a tetraiodide pressure of 13 mm; the 
rod temperature was 1300°C, The rate at which the process took place was very low - about 4 a/hr, According 
to the passivation hypothesis this would mean that the iodine pressure near the raw metal was high and com- 
parable with the iodine pressure near the rod, 


However, the quantity of iodine which flowed into the collecting ampoule in this case was negligibly small, 
so that the iodine pressure at the raw metal surface was calculated to only about 4-107? mm, At lower tetra- 
iodide pressures the iodine pressure should be still lower, 


The removal of gas from the surface of a rod at 1300°C rod temperature showed that at a tetraiodide pres- 
sure of 3,5- 107! mm the free iodine pressure is only 4-10*' mm, ie. two orders higher than at the raw metal 
surface, 


This set of data is a basis for assuming that under normal refining conditions the formation of lower iodides 
on the raw metal surface does not result in its passivation and does not directly affect the rate of metal deposi- 
tion on the rod, The lower iodides have an indirect effect: the binding of the tetraiodide in a lower iodide 
leads in the end to the disappearance of the excess of solid tetraiodide and to lowered pressure in the tube; this 
in turn results in a changed rate of zirconium deposition, 


° Triangles in Fig, 5, see Part I (Atomic Energy 1956, No, 1, 43). 
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2. Role of the lower iodide formed at the surface of a heated zirconium rod 


The formation of a lower iodide near the surface of a heated zirconium rod can be considered in the last 
analysis to be the result of the fact that a portion of the molecules of the tetraiodide dissociate only to a lower 
iodide rather than to the free metal, The number of molecules which dissociate to the free metal is corres- 
pondingly reduced with consequent reduction of the rate of metal deposition on the rod, 


The slower rate of deposition can also be treated as a result of the fact that when formation of the lower 
fodides occurs not all of the iodine liberated at the rod surface can reach the raw metal, since a portion fs 
bound in the lower iodides upon entering colder regions of the tube, These are essentially two aspects of a ~ 
single phenomenon, 


In order to determine how great a role is played by the lower iodides formed on the rod under norma! re- 
fining conditions (low tetraiodide pressures), it is necessary to obtain quite precise thermodynamic data concern 
ing the lower zirconium iodides, At the present time such data are not available, We have performed an ap- 
proximate calculation which permitted only a rough estimate of the effect of the processes at the rod on the 
rate of zirconium deposition, The following assumptions served as a basis for the calculation; 


1, The gas phase in the immediate vicinity of the rod surface is in thermodynamic equilibrium with the 
metal, 


2. The published thermodynamic data [6] for zirconium tetraiodide are correct, This assumption fs based 
on the fact that our experimentally derived partial iodine pressures near a heated zirconium rod are very close- 
to the values obtained by calculation from such data, 


3. The partial triiodide pressure is so small that it can be neglected; ic is then assumed that the gas phase 
at the surface of the heated zirconium rod consists of Zrl, Zrl, and([IJthe partial pressure of the molecular io- 
dine is also negligibly small, as shown by a calculation), This assumption is also based on the fact that, as in- 
dicated in [6], zirconium tiiodide is unstable in the gas phase, 


The pressure of atomic iodine was found from the data of [6] by the condition P, ee KP? ry . where k is 
the equilibrium constant of tetrajodide dissociation: 


= Zr+ 


In order to determine the partial diiodide pressure we made use of the fact that for all experimental points 
of the curve P,, =f(tz,) (see Fig. 1) the following condition must be satisfied approximately®: 


On the basis of these assumptions we calculated the equilibrium composition of the gas phase at the rod 
when heated to 1500° K for different tetraiodide pressures, The results are shown in Fig, 3, 


It follows from the discussion above that the section of a vertical line between the two curves corresponds 
to the pressure of the “residual” iodine, In Fig, 4 the dependence of the residual iodine pressure on the tetra- 
iodide pressure near the rod is shown separately (constructed from the data of Fig. 3). As we see, the residual 
iodine pressure increases sharply at low tetraiodide pressures and attains a maximum at about 4 mm Hg, after 
which it drops slowly to zero at the critical tetraiodide pressure, 


The question arises as to whether the decreased rate of zirconium deposition with increased tetraiodide pres- 
sure is due to the formation of lower iodides at the surface of the heated zirconium rod, We advanced this hye 
pothesis previously [7]. 


To what extent this is the case can be determined only after a more detailed investigation of the processes 
occurring at the surface of the rod, Our thermodynamic calculation is based on considerable simplifications 
and it is reasonable to assume that os results cannot serve as a sufficient basis for any definite quantitative con- 
chustoms, 


* The approximate nature of this condition follows, in particular, from the fact that it assumes identical flow 
rates from the rod for both iodine and the lower iodide, 
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Fig. 3, Diiodide pressure and iodine pressure at the surface of 
a zirconium rod as a function of the tetraiodide pressure (at 
1500° K), The upper figure shows the curves on an enlarged 
‘ncale at low pressures, 
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Fig. 4. The pressure of free (residual) iodine as a function of 
the tetraiodide pressure, Negative ordinates correspond to an 
excess of diiodide (“smoke” formed in the reaction ube), The 
upper figure shows the curves on an enlarged scale at low pres- 
sures, 


We consider it necessary, however, to call attention to the following circumstance; the maximum of the 
curve for the quantity of residual iodine is located at about 4 mm tetraiodide pressure, whereas the rate of zir- 
conium deposition has a maximum at a much lower tetraiodide pressure, 0,2-0.3-mm Hg. - 


In addition, the decrease of the deposition rate immediately after the maximum takes place considerably 
faster than the decrease of residual iodine pressure, A calculation shows that the situation changes very little 
if it is assumed that there is formed at the surface of the rod not the diiodide but the triiodide or both iodides 
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These facts lead us to suppose that the formation of the lower iodides at the surface of the heated rod fs 
not the only factor which determines the dependence of the zirconium deposition rate on the tetraiodide pres- 
sure, We believe that another important factor must be the pressure dependence of metal transfer processes, 


The principal mechanism for the transfer of matter in a reaction tube under ordinary conditions is diffusion, 
Since the diffusion coefficients are inversely proportional to the pressure the rate of diffusive transfer of zirco- 
nium must depend strongly on the pressure in the tube, In this connection it is entirely logical to assume that 
the observed experimental dependence of the process rate on the tetraiodide pressure in the tube results to a 
considerable extent from this very pressure dependence of the transfer processes, This view has been expressed, 
in particular, by Gimmelman [8] and Busol [9], Support for the decisive role of the diffusion has been ex- 
pressed also by Moravits (in a discussion of the article by Doring and Moliere [2}) and by Shapiro [10], The lat- 
ter showed experimentally the significance of the wansfer processes for the rate of zirconium deposition: by 
introducing a small quantity of argon into the reaction tube he found that the deposition rate is strongly slowed 
down by increased pressure of the gas, 


_ In this connection it should be noted that the increase of tetraiodide vapor pressure is somewhat similar in 
its effect on the transfer rate to the increase of inert gas pressure, In both cases the principal result of increased 
pressure is the decrease of the diffusion coefficients and, consequently, of the rate of transfer, A change of the 
free iodine pressure near the rod when the tetraiodide pressure is changed takes place comparatively slowly and 
has no decisive effect on the pressure dependence of the transfer rate, 


For tetraiodide pressures below 0.2 mm the situation changes considerably. The vapor pressure of the 
lower iodides near the rod and their effect on the zirconium deposition rate are not important, There must 
also be a change in the nature of the pressure dependence of the transfer rate since the pressure range which we 
observed is intermediate between the high pressures at which the trausfer is determined by the ordinary laws of 
diffusion and the very low pressure region in which, as we know, the transfer rate is proportional to the pressure. 
It can be assumed that at pressures of the erder of 0.2 mm and lower the principal factor affecting the rate is 


the number of molecular carriers, as a result of which the rate of zirconium deposition in this case increases 
with higher pressures, 


PRINCIPAL CONCLUSIONS 


1, The lower iodides which are formed on the surface of the raw metal do not directly influence the. rate 
of zirconium deposition, Their effect is indirect: the formation of a lower iodide during a protracted refining ‘ 
process results in the complete disappearance of the solid tetraiodide and two changes of its vapor pressure inside 
the reaction vessel, and this, in turn, leads to a change of the rate of metal deposition, 


2. The principal causes of a diminished rate of zirconium deposition at tetraiodide pressures above 0,2-0.3 
mm are the slowing down of diffusion (smaller diffusion coefficients with increased pressure) and the formation 
of the lower iodides on the surface of the heated zirconium rod, 


: The role oj the latter factor fs considerably stengthene d at very high tetraiodide pressuwes, when the re- 
: verse process - that of dissolution of the rod - can also begin, 
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NENADKEVITE — A NEW URANIUM SILICATE 


V.A. Polikarpov 


A description is given of the properties of the new uranium min- 
eral — nenadkevite, which was discovered in the USSR in 1952, This min- 
eral is a member of the silicate group and is in reality a continuous iso- 
morphic series, The author postulates that it is, in addition, the last mem- 
ber of the thorite group and the richest in uranium, 


Nenadkevite, which is named after K.A, Nenadkevich, was first found in 1952, Its formula fs (UY, Ce, 
Th) U*( Ca, Mg, Pb) [Si0,,[OH|*nH,O, It is in reality not a single mineral but a continuous isomorphic seriés 
whose last members are, on the one hand, a silicate of tetravalent uranium, rare-earths, calctum and magnesium 


and, on the other hand, a silicate of essentially the same composition but with a strong predominance of hexa- 
valent uranium. 


The continuous change of chemical composition causes a gradual change of all physical properties of 
the mineral, - 


Nenadkevite was discovered in the sodium metasomatic zones of a uranium-iron deposit in paragenesis 
with brannerite, yttrosphene, uranite, uraniferous malacon and apatite, 


It is developed in the interstices of the grains and along the contact surfaces of aggregates of albite, al- 
kali amphiboles and aegirite, and cements fragments of magnetite, In time of formation it precedes uraninite, 


Nenadkevite is usually found in the form of very fine crystals (0.05-0,001 mm), their concretions and 
solid masses, Nenadkevite crystals are characterized by an elongated prismatic habit. It does not show cleav- 
age but is roughly separable along one direction, In color it is black, green-black, brown (the dark varieties) 
to reddish brown, orange and yellow ( the light varieties). There is frequently a change of coloring in a single 
plece of ore. Colored streaks: in the dark varieties dark with brownish shading; in the light varieties yellow. 
Luster: vitreous to greasy: . Specific gravity: 4.16-4.81 for the black variety; 3.80-3.91 for the brownish 
variety; 3.56-3,.70 fcr the yellow-orange variety, Flat-concholdal fracture, Very brittle, Nonfluorescent, 


It dissolves in acids (1:10) with a white gelatinous and husklike precipitate, It is nonelectromagnetic, 


The mineral is transparent, usually isotropic, infrequently shows spotty anisotropy. In transmitted light ° 


the dark varieties are bottle-green; Nm 1.716-1,781; light varieties are yellow: Nm 1.618-1.635, In reflected 
light nenadkevite is gray; its reflecting power R <«R of uraninite, 


In an x-ray analysis the light-colored varieties of nenadkevite in their natural state give the diffraction 
picture of a crystalline substance (Table 1) while the dark varieties are-amorphous; only after heating to 600° 
does a crystal lattice appear in the latter, which is similar to the lattice of the light varieties in the natural - 
state, Consequently, the revealed lattice is stable and characteristic of the mineral, No analogs have been 
found, The mineral evidently possesses an individual crystal lattice which fs characteristic of all its varieties. 


Table 2 presents the results of six of the most typical assays of nenadkevite, 


The heating-up curves of all varieties are identical, Two endothermic and one exothermic effect have 
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TABLE 1 


Intensities and Interplanar Spacings of Nenadkevite. 


TABLE 2 


d/n a/n Vi, d/n 
1 5.26 0.5 2.39 1 1,534 
4 4.65 1 2.08 0.5 1,482 
0.5 4.16 1 1.96 1 1.456 
1 3.79 4 2,18 1 1.400 
4,’ 3.50 6 1,883 1 1.360 
1 3,29 1 1,810 1 1.320 
2 3.20 4 1,746 1 1,283 
3 3.06 0.5 1.689 1. 1,229 
10 2.90 0.5 1,655 = 
1 2.47 1 1.597 1 


TABLE 3 


Black 7,46|4, 31|6,37|8, 0,66 | 0,03 |44 ,97|24,72|30,94 

Reddish-brown .| 3,2 |7,2 | 1,10| 0,04 [41,97] [55,0 

Brownish~orange| 5,5 |5,27|10,2|6,64] 0,31 | 0,05 |16, 64 

Yellowish- 14,0818, 30|7,0015, 74] 0,63] cm. )20,25 38,50 
orange 

Yellowish- 3,71|4,71|9, 59|4 , 76] 1,29 10,60] 0,60)58, 10 
orange... . 


*) The rare earths according to a cilia x-ray analysis are represented by the yttrium and 
cerium groups, The amount of these increases in the lighter varieties, 


Oxid e & 2 
_ Black 0,7 0,70| 0,34 12,55 66,10) 2,64)}3,4 100,44] M.K. Klimova 


7,80 99,99] Yu.N. Knipo- 
vich: 
7,80 100,04] RP. Khodzha- 
eva 
5,59 400,27| R.P. Khodzha- 
eva 
100,21] K.1. Orekhova 
6,85  |3,09| 100,31|K.1. Orekhova 


Coffinite 


Nenadkevite 


Formula 


Color 

Transparency 
Specific gravity 
Debye powder pattern 


( OF) 


Black 

Opaque 

33 

Similar to thorianite pattern 


(u*Y, Ce, Th) U* (CaMgPb) 


[OH], 
Black, brown, orange, yellow 
All varieties transparent 
3,56-4,81 

Rhombic ( 2); possesses inherent 
crystalline structure 


been observed, The first endothermic effect at 100-200° fs associated with the release of “dissolved” water, and 


the second at 680° with the liberation of water of crystallization; the exothermic effect at 760° results from the 
transition of nenadkevite to the crystalline state, 
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A study of the {sotopic composition of the lead in nenadkevite showed the presence principally of uranium 
isotopes of lead; - 0,082; - 87.7; Pb” - 10,1; - 2,1,, 


In 1954 data was published concerning another new silicate of tetravalent uranium, coffinite, which was 
discovered in endogenic ores together with uraninite, vanadium oxides and pyrites in mines of the states of 
Colorado, Utah and New Mexico 


Table 3 gives a comparison of the two minerals, 


Unlike coffinite, nenadkevite possesses a complicated composition of the cation group, a considerably 
higher specific gravity and total transparency, 


In a number of {ts properties ( specific gravity, color, etc.) and in its paragenetic associations, nenadkevite 
is close to minerals of the uranothorite-thorite series. 


Nenadkevite is evidently the last (richest in uranium and with an insignificant amount of thorium) term 
ef the following series: 

thorite (content: uranium 1%; thorium 46-64%) 

uranothorite ( 1%; 4%) 

nenadkevite ( . 66%; ™ less than 1%). 


This hypothesis {s supported by the similarity of physical properties, the presence of rare-earths and tho- 
rium, and by the similarity of the conditions of formation (judging by the analogy of the paragenetic associa- 
tions). 


A similar hypothesis has been advanced with regard to coffinite by Stiff and Stern (see reference [1]). 
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HYDROPITCHBLENDE AND URGITE — NEW HYDROUS URANIUM OXIDES 
R.V. Getseva 


A description fs given of two new uranium minerals discovered in 
the USSR in 1947 — hydropitchblende and urgite. These minerals are hy- 
drous uranium oxides and are members of a single series in the successive 
oxidation and hydration of pitchblende, They are compounds of varying 
composition, 


Hydropitchblende and urgite were discovered in 1947 in the oxidized zone of a hydrothermal deposit of 
uranium ores, They are members of a single series of successively oxidized and hydrated pitchblende and show 
varying composition, Hydropitchblende, which develops in the initial stages of the process, retains a different 
amount of tetravalent uranium, while urgite is a product of total pitchblende oxidation, In 1952 two varieties 
of hydropitchblende and two varieties of urgite were studied, 


Hydropitchblende — kUO, -nH,0; k=2.3-5; n=3.9-9 
This mineral is widely developed in the deep portion of the oxidation zone (incomplete oxidation sub- 
zone) where it almost completely replaces pitchblende in carbonate-quartz veins, Higher in the profile of the 


deposit the hydropitchblende is preserved in the form of relicts —“eyes” within a mass of urgite and uranyl sil- 
icates which had replaced it. 


* ‘The mineral fs found in dense masses in nedeies sinter precipitates inherited from pitchblende, There is 
an absence of cleavage, Its color is black; thin fragments are translucent, assuming a bottle-green color; as 
the relative ammount of hexavalent uranium increases it becomes transparent, The color of the powder varies 
from greenish brown to ash-gray, The mineral possesses a conchoidal fracture, strong vitreous luster and fs __ 
very fragile, Its hardness diminishes with increase of the amount of UO, and H,O from 165 kg/mm to 87 kg/mm*, 


or on the Moblis scale from 3,8 to 3,1, The eo gravity of a strongly hydrated variety is 4.3, It dissolves in 
HCl leaving an insoluble precipitate. 


Under the microscope in transmitted light the color of hydropitchblende is bottle-green, It is isotropic. 
The refractive index is diminished with hydration and oxidation from 1,738 to 1,715, In reflected light its 


color fsgray and is characterized by brownish-yellow intemal reflections, Its reflecting power, like the refrac- 
tion, is reduced from 11,40 to 7-7.5%, ; 


X-ray patterns do net, as a rule, show a diffraction picture; the strong diffusion lines of the uraninite 
lattice ( inherited from pitchblende) are seldom located, 


Its chemical composition on the basis of two incomplete microchemical analyses is: 


U0, UO, PbO 
22.% 54,07 5.64 5.71 
11.90 63.00 5.78 $3.71 3.44 


At 100° and 300° water is liberated leaving the mineral in an amorphous state; at 500° it acquires a 
thombic structure resembling that of the synthetic oxide UsO, 
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Urgite — UO,-nH,O; n=2.3-3.1 

: The name fs taken from the words uranium and hydrate*which represent the composition of the mineral, 
Urgite develops at the expense of hydropitchblende principally in the middle of the oxidation zone; close to 
the surface of the earth {t is replaced by urany! silicates, In pieces of ore all varfeties of urgite are frequently 
observed with a transition from the comparatively dark varieties which directly replaced the hydropitchblende, 


to the lighter-colored varieties which are rich In water, It ts less widely distributed and less important {ndustri- 
ally than hydropitchblende, 


Urgite forms dense amorphous deposits, Cleavage {s absent, Its color varies from reddish-yellow to 
amber-yellow and {fs transparent with a strong vitreous luster. It possesses a conchofdal fracture, is very fragile 
and has hardness 2-3, The specific gravity of the water-impoverished variety is 4,17, It shows practically no 
flucrescence, Urgite fs partly soluble in cold dilute HCl with the liberation of chlorine bubbles; the remaining 
white crystalline precipitate dissolves completely upon heating. . 


The color of urgite ts yellow in transmitted light, It shows a chasactertettc metacolloidal structure with 
slight undulatory and cluster polarization, The czystalline compounds are biaxial, Ng = 1.669-1.680; Np = 
= 1,647-1,657, In separate portions urgite remains completely isotropic. The refractive index in isotropic and 
slightly polarized portions oscillates inversely to the quantity of water from 1.681 to 1.705. 


X-ray powder patterns of urgite do nct reveal diffraction lines. 
The chemical composition of urgite from incomplete microchemical analysis is as follows: 


PbO Al,0,+Fe,0; afl H,o* 
Reddish-yellow 
variety 10.83 2.67 4.23 3.92 10.42 


Amber-yellow 
variety 71,09 2.90 1,89 3.80 9.95 6,14 


A spectral analysis revealed admixtures of Mg, Co, Bi, V, Cu, I, Be (7). 


As can be seen from the data given below, in its UQ,:H,O ratio and correspondingly in its refractive in- 


dex amorphous urgite differs from crystalline (rhombic) hydrates of hexavalent uranium previously described 
in the literature, 


TABLE 


Comparative data for hydrous hexavalent uranium oxides 


Mineral : “Nm 


Becquerelite 1,825 
Mineral "X° 1.810 
Parascupite 1.760 
Product of ianthinite alteration 1.730 
Scupite 1.714 
Urgite : 1,705 - 1,681 ( traces) 


* Russian word for hydrate = “gidrat". —PvDlisher. 
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SOME CHARACTERISTICS OF RADIATION VULCANIZATION 


A. S. Kuzminsky, T. S, Nikitina and V. L. Karpov 


We have investigated the radiation vulcanization of the following rubbers: 
natural rubber (NK), butadiene-styrene (SKS-30), butadiene (SKB-40) and nitrile 
(SKN-26). We established the dependence of the relative rate of formation of 
the spatial structure and of the tensile strength on the integral radiation dosage. 
We examined the question of the effect of certain ingredients of the rubber 
mixtureson the process of radiation vulcanization. We showed the peculiar role 
of carbon blacks and of the degree of their surface oxidation in the process, 


It is well-known that the vulcanization of rubber, terminating in the formation of a single tridimensional 


system of its molecules, requires special vulcanizing agents (sulfur vulcanization) or high temperatures (hot 
vulcanization of synthetic rubber). 


Recently reports have appeared in the literature concerning the behavior of high weight molecular 
compounds (in particular, rubbers and plastics) when subjected to ionizing radiation [1-7]. The profound 
structural changes which then take place in polymers aze due to processes of structuralization (radiation 
“vulcanization™), disordering, and also certain phase transitions (3, 5-7}. 


We have investigated radiation vu) -anizatior ander intense x-irradiation, The source was a sectional 
x-ray tube operating at 200 ma and 80 kv. 


_ The rubbers were subjected to irradiation in the form of pressed sheets 0.3-0,4 mm thick in cellophane 


wrapping,which served as a certain amount of protection of the specimen from the action of atmospheric oxygen 
during irradiation. 


Ordinary commercial products were used in the investigation, 
Irradiation continued for 10-20 hours, corresponding to a wtal energy absorption of 3- 10°-6: 10° rep. 


Radiation vulcanization was applied both to pure rubbers: natural (NK), butadiene-styrene (SKS-30), 
butadiene (SKB-40) and nitrile (SKN-26), and to mixtures of these rubbers with carbon black. In addition, we 
investigated the problem of the effect on the rate of formation of the space lattice of the principal ingredients 
of the rubber mixtures (sulfur, accelerants, activators, fillers). 


The rate of vulcanization was estimated from the rate of formation of the spatial structure, for which 
purpose we employed the method of measuring the equilibrium modulus [8]. As is seen from Figure 1, the 
rubbers which we investigated can be arranged in the following order with regard to vulcanization speed (by 
numerical values): NK, SKS-30, SKB-40 and SKN-26. 


The tensile strengths (breaking load and relative stretch) for NK, SKS-30, SKB-40 and SKN-26 were very 


different, Thus the decrease of relative stretch for identical integral dosages was greatest for SKB-40 and least 
for NK. . 


The curve of breaking lozd as a function of integral dosage shows a sharp maximum corresponding to 
energy absorption 2- 10° rep for NK and 1.5: 10° for SKN-26, 
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Fig. 1. Relationship between rate of formation of 
spatial structure and radiation dosage for pure rubbers 
(1 hour on the graph corresponds to 3+ 10° rep): 

1) NK; 2) SKS-30; 3) SKB-40; 4) SKN-26. 


The breaking-load curve of SKS-30 also passes 
through a maximum after which it changes little with 
further For SKB-40 after a dosage of 
~0.6° 10° rep we observed (up to our limit of 2- 10° 
rep) a slow and linear rise of the breaking load, 


a 


6 8 0 


It is an interesting fact that through radiation 
vulcanization NK loses its ability to crystallize, 
(The maximum breaking loads obtained did not exceed 
30 kg/cm? at 500-600% relative stretch). This may 
possibly be caused by a considerable amount of 
branching during irradiation, 


Fig. 2. Effect of different ingredients on speed of 

radiation vulcanization of SKS-30. 

1) Pure SKS-30; x) SKS-30 + mercaptobenzothiazole 

2.0 parts by weight (p.w.); 2) SKS-30 + sulfur: 

@) 5.0 p.w.; &) 1.0 p.w.; @) 1.5 p.w.; 3) SKS-30 + 
SKS-30 was used as an example for the study of + tetramethylthiuram disulfide: O) 1.5 p.w.; x) 3.0 

the effect of different components of the rubber . p.w.; 4) SKS-40 + DFG 1.5 p.w. (diphenylguanidine); 

mixtures on the rate of radiation vulcanization®. 5) SKS-30 + ZnO 5.0 p.w.; 6) SKS-30 + ZnO 10.0 

Figure 2 shows the dependence of the equilibrium '_-p.w.; 7) SKS-30 + chalk 50.0 p.w.; 8) SKS-30 + 

modulus on the integral dosage, which is _+ kaolin 50.0 p.w. - 

proportional to the time of irradiation, for the 

original SKS-30 and a number of two- a 

systems. 


On the basis of the experimental results all of the components that were introduced can be divided into 
three groups: 


1. Compounds which in small quantities (0.5-1%) considerably lower the vulcanization rate of SKS-30; 
these include sulfur and tetramethylthiuram disulfide (Figure 2, curves 2, 3). This effect of sulfur and thiuram 
is a basis for assuming that they have an inhibitive effect on radiation vulcanization, It is well known that 
under specific conditions both of these compounds act as inhibitors of eens and thermal ee of 
hydrocarbons 12}, 


2. Compounds which do not affect, or accelerate vulcanization only insignificantly; mercaptobenzothiazole . 
and diphenylguanidine (Figure 2, curves 1, 4). 


* This part of the work was conducted by M. A, Akimova, 
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Fig. 3, Effect of carbon black on speed of radiation 


vulcanization of SKB-40 (1 hour on the graph represents 


3-107 rep). 

1) SKB-40 + 20 p.w. lampblack; 2) SKB-40 + 40 p.w. 
lampblack; 3) SKB-40 + 75 p.w. lampblack; 

4) SKB-40 + 100 p.w. lampblack; 5) SKB-40+ 120 p.w. 
lampblack; A) SKB-40 + channel black; 

x) SKB-40 + chimney black; ©) SKB-40 + bone black. 


3. A number of compounds which considerably 
accelerate vulcanization (Fig, 2, curves 5, 6, 7 and 8), 
Among the substances which we investigated this effect 
was manifested by compounds containing metal fons:=— 
ZnO, chalk and kaolin. The first of these showed that 
the. accelerating effect increases with increased amounts 
of the material (ZnO) in the rubber, 


It can be assumed that this effect results from 
increased absorption of radiation energy, since the 
absorption coefficient, as we know, depends on the 
effective atwmic number as the fourth power [10], 
This is a sort of increased efficiency of the energy. 


From the above we can conclude that almost all 
of the ingredients of the rubber mixtures behave quite 
differently in radiation vulcanization as compared with 
ordinary sulfur vulcanization (9) and exhibit 2 specific 
radiation-chemical effect on the formation of the 
spatial structure in rubber. 


The effect of carbon black on vulcanization 
speed was studied using two forms, channel and lamp- 
black, in all the rubbers studied, in the amount of 
50 parts by weight for 100 parts of the polymer. 


In all instances it was observed that both blacks 
very strongly affect the formation of the lattice during 
radiation vulcanization. It must be noted that there 
is comparatively little difference in the action of the tw@ 
blacks, and that lampblack, which ordinarily only 
slightly affects the rate of lattice formation in hot 
vulcanization, was in our case very active, The 
unique behavior of these two blacks in radiation and 
hot vulcanization can be understood if it is assumed 
that as a result of ionizing radiation a considerable 
number of bridges are formed by chemical bonds 


between the rubber and carbon black particles, It is possibie that active centers may appear not only on the 
surface of the carbon black particles but also within them before migration two the surface, With identical weight 
of filler the maximum difference in the size of the equilibrium molecule was of tke order of 1.2-1.4 times, where- 
as channel black has a specific surface of 90-100 m*/g, and lampblack has about 20 m*/g. 


In a study of the effect of the degree of oxidation of the carbon blacks (with equivalent surfaces) on the 
speed of radiation vulcanization it was found that the greater the oxidized surface of carbon black, the smaller 


the effect it had on the speed of formation of the lattice. 


Figure 3 shows the increase of vulcanization speed for channel, chimney, lamp~and bone black. 


It should be noted that the above forms of carbon black in their effect on the rate of formation of the lattice 
in hot vulcanization are in reverse order, as was observed by Lezhnev and one of the authors of this article, 


For lampblack we established the proportionality between the quantity of carbon black used (up to 100 
parts by weight) and the rate of formation of the lattice (Fig. 3, curves 1-5). 
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NEWS OF FOREIGN SCIENCE AND TECHNOLOGY 


CONSTRUCTION OF RESEARCH REACTORS iN ENGLAND 


The atomic energy administration of the United Kingdom is building at Harwell two reactors, “Dido” and 
“Pluto”, intended for broad investigations in physics and technology. Furthermore it is planned to construct a 
reactor of the “Pluto” type in Douneray. In addition, England is providing aid to Australia in the building of a 
“Dido type reactor. 


Fig. 1. Construction of new reactors for physical investigations at Harwell. 
A) Reactor "Dido", designed for general physical investigations; B) construction of a reactor 
of the "basin" type, of 100 kw power and with neutron flux 10” neutrons per cm*/sec; C) 
reactor "Pluto", similar to the reactor "Dido", but designed for testing fuel elements, 
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Fig. 2. Undisturbed distribution of thermal neutrons in the 
reactor “Dido” (all values in neutrons per cmY sec;). 
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Fig. 3. 1) Aluminum tank for heavy water; 2) level of heavy water; 3) fuel element; 4) vertical experimental 
channel; 5) guides of six emergency rods; 6) experimental channel 10.16 x 5,08 cm; 7) biological shield; 

8) graphite reflector; 9) experimental channels 30.48 x 20.32 cm; 10) lead heat shield (water cooled); 11) steel 
reactor vessel with boron covering; 12) experimental channe] for taking neutrons from the active zone; 13) ex- 
perimental channel for taking neutrons from the graphite reflector; 14) vertical channel from the graphite 
zone; 15) concrete shield; 16) supports of reactor; 17) first floor; 18) thermal column; 19) bracing of reactor 
foundation; 20) steel upper lid of thickness 25.4 cm; 21) experimental channel, 


The “Dido” reactor is intended for use in physical experiments, for example the measurement of neutron 
cross sections, and the study of the parameters of various types of reactor lattices; besides this, the irradiation of 
small specimens of materials can be carried out in the reactor, The moderator and heat transfer agent of the 
reactor is heavy water,. and the fuel is enriched uranium (about 6 kg, of which 2.5 kg is U™), 


The active zone of the reactor, with a volume of about 0,3 m*, has the form of a cylinder of height 60 
cm and diameter 86 cm, It is composed of Jamellar fuel elements, whose filler is a mixture of uranium with 
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aluminum, The active zone is located in the center of an aluminum tank of height 2 m and diameter 2m. The. 


reflector of the reactor is of graphite, 60 cm thick, The reactor and reflector are inclosed in a steel jacket fil- 
led with helium, 


The nominal power 4 the reactor fs - megawatts, with neutron flux 10™ neutrons per cm'/sec. The maxi- 
mum possible flux is 5°10 neutrons per cm*/sec, The starting of the reactor is set for autumn, 1956, 


At the end of 1957 the two reactors of the "Pluto® type are to go into operation, The construction and 
‘physical characteristics of these reactors are similar to those of the reactor "Dido", but their purpose is somewhat 
different; they are designed for the long-time testing of fuel elements, For this purpose it is planned to install six 
or eight testing loops in the reactor “Pluto”. 
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A REACTOR WITH AN ORGANIC MODERATOR. 


According to reports there will be set in operation at the end of this year a reactor with an organic modera- 
tcr (OMRE) with power 5 to 15 megawatts. The moderator used in the reactor is diphenyl, and the fuel is highly ~ 
enriched uranium, 


Preliminary experiments have shown the good stability of the organic moderator in the neutron field and 
insignificant deposition of precipitates (which had been feared earlier) in the form of a film on the surface of 
the fuel elements, 


The reactor will probably be built - the Atomic Energy Commission, —m with the “North American 
Aviation” Arco, Idaho, U.S.A. - 


L Ss. 
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ECONOMIC INDICES OF ATOMIC STATIONS 


Quite recently there have appeared in the American literature communications on the economic indices 
of certain reactors, 


Admiral Rickover announced that upon the third loading of an active zone® of the reactor PWR at the Ship- 
pingport atomic station the cost of electrical energy will be lowered from 5.2 to 1.5 cents/kw -hr, 


* In the reactor PWR it is planned to load successively the assemblies of different active zones, 


| 
he 


At the first loading of an active zone the cost of energy is composed of fixed expenditures (1.5 ceuts/kw-hr.) 
the cost of preparing fue! elements, the cost of zirconium and other construction materials (3.9 cents/kw-hr.) and 


operating costs (0.3 cent/ kw-hr) From these 5.7 cents/ kw-hr'ls subtracted the value of the processed fuel, equal 
to 0.5 cent. per kw-br, 


At the second loading of an active zone the total cost of the energy will be reduced to 3,2 cents per kwkhr 
through the lower cost of fuel, a decrease of operating cost, and the increase of the power from 60 to 90 mega- 
watts, At the third loading of an active zone the cost will be lowered to 1.5 cents/kw-hr. For the loading of the 
first active zone the working time of the reactor will be equivalent to 8000 hours of operation at full power, 
which means, including idle time of the reactor, more than one and one-half years, The exact working time 
with the first active zone is not known, since at first the reactor will be mainly used for experimental purposes, 


Its power will be increased gradually: 1st year,. 10% 2nd year, 20% 3 3rd year, 40% 4th year, 60% 5th.year, 
either 80'% or full power. 


The third loading of an active zone in the reactor will be accomplished not ~arlier than 1965, 


The firm “Alco” has released formerly secret data on the cost of electric energy from the portable army - 
reactor APPR, which is being constructed in Fort Belvoir (Virginia). - 


The fuel component of the cost of elecirical energy will not exceed 0.95 cen¥ kr-hr. This sum includes © 
0.6 cent/kw -hrcostof fuel calculated at 25 dollars per gram of u*5, 0.25 cent/kw -hrfor preparation of fuel ele- 
ments, and 0.1 cent/kw-hrforreprocessing. Operating expenses for an installation of power 2000 kw will amount 
to approximately 0.15 cen/Kw-hr. Fixed costs will be 0.58 cenr/kw-hr af load Factor 80%, 


Thus the cost of electrical energy will come to about 1.68 cents/kw-hr, . The cost of energy from an 
analogous coal-burning station is 1.4 cents / kw-hr.. 
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A PERFECTED METHOD OF FILM DOSIMETRY 


The Oak Ridge Laboratory has developed a film dosimeter with which the folloving measurements can- 
be carried out: 


a) determination of dose and radiation energy of x-rays; 

b) measurement of dose of y -rays; 

c) approximate determination of dose of 6 -rays acting alone; 
d) approximate determination of dose of mixed B- and y -rays. 


For this purpose a system of filters is used to simplify the measurements and inake them more exact. 


An ideal filter for the measurement of a broad spectrum of x-rays is one with which the degree of blacken- 


ing of the film depends only on the dose of radiation and not on the energy of the protons. Three types of filter 
are described in the report: 


1. The filter consisting of the material of the cassette body, conventionally designed "OW" .~ Topen 
window", 


2. The “OW" filter plus 1.56 mm of cellulose acetate, called the “plastic” filter, 


3. The filter of "OW" + 0.25 mm tungsten + 0.5 mm cadmium + 0.5 mm cellulose acetate, called the 
“shielding® filter, 
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Fig. 1. Dependence of blackening density of film on Fig. 2. Typical calibration curve for B- and y -radia- 
energy of radiation (dose 200 mr). Upper curve with _ tions with the different filters, 
“Ow” and “plastic” filters; lower curve with “shield- 1) y«Rays of radium, “plastic” filter; 2) y -rays of radium, 


ing™ filter, * shieding” filter; 3) B-rays of uranium, “OW" filter. 
All three filters are placed side by side in one cas- 
so that each of them acts separately, 
3 2 re Fig. 1 shows a comparison of the blackening densi- 
a3 8 + ties of the film with the "OW" and “shielding” filters 
156 a + for a 200 mr dose of radiation at various euergies. The 
. * - curves show that the blackening densities with the “OW™ 
la and “plastic” filters are equal, But for the action of 
\ 8 -particles the blackening under the “OW” filter is 
: 6 i: greater than under the “plastic” filter, and on this basis 
o 4 - one can determine the dose of B -radiation in cases of 
3 2 i mixed action of B- and y -rays from the difference of 


10 20 300 40) 50 60 707 he degrees of blackening. 
ff): 
The "OW" filter tcgether with the film wrapper 
: has thickness 80 mg/cm?. B-raysof penetrating power - 
Fig. 7 mg/cm? and over are considered harmful to human 
densities for “plastic” and “shielding” filters on bein 


the energy of the radiation. Figure 2 shows a typical calibrating curve for various 
radiations with the different filters. To determine the 

dose of 8 -radiation one needs only to multiply the difference of the readings with the "OW" and “plastic” 

filters by 1.5, ; 


The dose of photons is determined in the following way: 
1) from the calibration curve one finds the dose for y -rays with the shielding filter; 


2) by subtracting the density of blackening for 8 -rays from that for y “tays with the “plastic” filter one 
finds a “correction™ density, and then the dose corresponds to 1/10 of the “correction” density. The greater 
of the two doses found is taken as the dose of x- or y rays. 


Although the determination of the dose of photons by the method described does not depend on the energy 
of the radiation, the filters make possible the determination of the energy of the radiation in effective kilovolts. 
This may be needed in case a knowledge of the relative “depth” of the dose is required. The determination of 
the energy of the radiation is made from the curve shown in Fig. 3, which gives the ratio of the degrees of blacken- 


ing under the "OW" or the “plastic® filter to that under the “shielding” filter as a function of the energy of the" 
photons, 
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DOSIMETRY BY MEANS OF GLASS 


The majority of existing methods of dosimetry, based on ionization measurements or on the calorimetric 
principle, do not provide speed, accuracy, and constancy of readings in the measurement of large doses, The 
changes of absorption for the visible spectrum of most sorts of glass when irradiated with doses of the order of 
10*—10" r.e.p. make it possible to use glass for the measurement of large doses of .adiation. As a dosimeter 
glass has a number of advantages that make its use in this field very aitractive. These are: chemical inertness, 
insolubility, small size, and durability. But there are a number of factors limiting the use of glass. The most 
important are low sensitivity, linearity of readings, and the rapid fading of glass at room temperature, 
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Fig. 1. Change of absorption of cobalt (upper curves) 
and silver (lower curves) glasses as functions of the dose 
of radiation. 


In an investigation of these phenomena it was 
found that the addition to glass of elements such as 
cobalt and silver considerably increases the sensitivity 
of the glass to radiation and reduces the speed of its 
fading after irradiation. These types of glass have 
an absorption band for visible light in the part of the 
spectrum near the ultra-violet, and thus the investi- 
gation of their optical density was conducted with 
rays of wavelength from 3500 to 5000 A with a “Spec- 
tronic 20" colorimeter, 


The paper gives data from tests of glass of the 
following chemical compositions: a phosphate glass, 
activated with silver: 50% Al(PO,)3, 25% Ba (PO 
25% KPO3, with 8% AgPO, added to this base; and 
a lime-silicate glass consisting of 70% SiO,, 18% Na,Q, 
10% CaO, 1% MgO, and 1% B,Og, activated by addi- 
tion of 0.5% cobaltic oxide. For these yo of glass, 
irradiated from a powerful source of Co”, the calibra- 
tion curves shown in Fig. 1 were constructed, From 
the curves it is seen that it is expedient to measure 
small doses in thé short-wave part of the spectrum, 
and latge doses with the longer waves. As is seen 
from the diagram, the cobalt glass has a change of 
its absorption Coefficient after irradiation with a dose 


of r.e.p. amounting to 0.54 for 4000 A and 0.30 for = 4500 A, For doses from 5- 10° to 4° 10° 
r.e.p. the readings vary linearly. Above this limit the changes are smaller and nonlinear. But in the whole non- 
linear part of the curve the changes of optical density with respect to the dose are well marked, The same 
dependence is also presented for the glass activated with silver, 


It is known that the radiophotoluminescent reaction of silver glass does not depend on the energy of the 
radiation, if the energy exceeds 200 keV, but below this limit the reaction is stronger, reaching a maximum of 
18:1 at 65 keV. Since the measurement of large doses is based on the very same process of absorption, it is 
very probable that the dependence of the absorption on the energy of the radiation is maintained, The authors 
calculated the absorption coefficients of the silver and cobalt glasses for three energies. 


The paper of Davidson, Goldblith, and Proctor presents the data of an investigation of a phosphate glass 
activated with silver, which was subjected to the action of various physical agencies, 
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Fig. 2. Influence of storage temperature on irradiated 
glass that has not had heat treatment, 
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Fig. 3. Calibration curves for phosphate glass activated 
with silver. © An hour after irradiation; © after heating 
for 10 minutes at 130°C; X after 8 days of storage at 
rodm temperature, 


The source of radiation in the experiments described was a highly active preparation of Co™ with dosage 
power 1400 r.e.p./min, In some experiments a van de Graaf generator was used as a source of electrons with 
energy 3 Mev. 


The optical density was measured by a Beckman spectrophotometer with a photomultiplier. The absorp- 
tion coefficient was calculated by dividing the measured optical density by the thickness of the glass. The ab- 
sorption in each glass was measured at four wavelengths: 3500, 4000, 4500, and 5000 A. The absorption coef- 
ficient referred to in this work is equal to the absorption coefficient of the irradiated glass minus that of the 
unirradiated glass, 


For purposes of practical application of the method studies were made of some physical agencies influenc- 
ing the readings given by the glass. Six pieces of glass, irradiated with a dose of 1.30 - 10° r.e.p. were kept un- 
der five different temperature cenditions: room temperature (23-30°), refrigerator temperature (2-4°), and 
temperatures of 20, 37, and 55°. The pieces kept at 20 and 37° and at room temperature gave similar results 
in regard to fading. The low temperatures slowed down, and the high ones accelerated, the fading process in 
glasses that had not been subjected to the stabilizing action of heat (Fig. 2). 


To determine the influence of high temperature on the optical readings of irradiated glass, pieces of glass 
were heated to temperatures of 13¢ and 150°C an hour after irradiation. The testing of pieces so treated 
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was conducted at different intervals after irradiation, from 5 minutes to 8 days. The data from the tests showed that ; 


1) the absorption coefficient changes in inverse proportion to the elapsed time and to the temperature of 
the heating after irradiation; 

2) the degree of fading during storage at room temperature is markedly decreased after the heat treatment; 

3) the readings from pieces of glass that have had heat treatment aie heii’ unaffected by the storage 
temperatures within the range from 2 to 43°C, 


Fig. 3 shows calibration curves obtained by irradiation of glass with doses from 1.3+ 10° to 7- 10° r.e.p., 
with subsequent heat treatment at 130° for 10 mfnutes. It is seen from the diagram that the slope of the curves 


‘is markedly reduced for doses exceeding 3- 10° r.e.p., which indicates a decrease of sensitivity of the glass at 


such doses, 


In the experiments described above the heat treatment was applied 1 to 1.5 hours after irradiation. In 
practice it is not always convenient to perform the heating at such an early time. Therefore a group of pieces 
of glass was heated at different time intervals after irradiation, and was then tested with the spectrophotometer, 
The tests showed that the absorption coefficient decreases almost linearly with the logarithm of the time for all 
intervals tried between irradiation and heat treatment, from 1 hour to 8 days. 


In some cases irradiation at a low temperature can serve as a measure to decrease certain undesirable 
physical and chemical changes produced by irradiation, To study this matter, one group of pieces of glass was 
irradiated at room temperature, and another in ice water. The dose of radiation was 3.66-10° r.e.p. The chill- 
ed' pieces of glass showed considerably less change of their optical readings. Thus the phosphate glass activated 
with silver can be used as a dosimeter at low’ temperatures, if the corresponding correction is made in construct- 
ing the calibration curves, 


Preliminary tests have shown that irradiated glass can be bleached at temperatures of 400-500°. Further 
experiments will be conducted to determine how the sensitivity of the glass varies with repeated bleachings 
and how many bleachings can be used without damage to the accuracy of the readings, It was found that 15 
minutes heating at a temperature of 450° is enough for complete bleaching of pieces of glass irradiated with 
doses up to 5- 10° r.e.p, The sensitivity of pieces subjected to tens of repeated irradiations with bleaching 
after each irradiation was essentially unchanged. It follows that pieces of glass that have been irradiated once 
can be repeatedly used as dosimeters, which considerably increases their practical value, v 


The fact that the optical density of a large number of pieces of glass was measured under identical con- 
ditions made possible a statistical study of the results. The statistical study showed that the variations of opti- 
cal density for pieces of glass from the same batcl (melt) are inappreciable, so that the average values from 
measurements on several unirradiated pieces from a given batch suffice to give an idea of the optical density 
of all the pieces, 


The study of pieces of glass irradiated with electrons of energy 3 MeV from a van de Graaf generator 
‘showed the possibility of using silver-activated phosphate glass for dosimetry of electron beams. 
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PRODUCTION OF GRAM QUANTITIES OF METALLIC PLUTONIUM 


Buttons of plutonium weighing about 1 gi have been produced by reducing plutonium trifluoride with 
calcium in an induction furnace with an atmosphere of argon (see diagram). The method for obtaining plu- 
tonium was previously developed with uranium;gram quantities of which were produced by reducing UF, with 
calcium, The starting material for the production of the PuF, was oxalate of plutonium (III). It was decomposed 
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in a stream of air by the procedure: heating for 2.5 hours to 400°C and holding at this temperature for 0,5 hour, 
The plutonium dioxide so formed was fluoridized in a tube of mone] metal by a (1: 1) mixture of pure dry HF 


and Hg, by the reaction: 


TE YU) WY, There was obtained a blue-violet trifluoride with 


composition: F—19.3%; Pu-80.1% (theoretical com- 
position F—19.25%, Pu—80.7%). 


Because of the great radioactive poisonousness 
of plutonium all of these operations were carried out 
in protective chambers filled with dry argon, in which 
were placed the furnaces and other apparatus, 


The trifluoride was carefully mixed with fine 
chips of calcium (in 100% excess over stoichiometric 
quantity) and was placed in a calcium fluoride cruci- , 
ble, shaped parabolically in the used part to facili- 
tate separation of the metal, The crucible was covered 
with a lid having a hole for observation of the flash 
at the start of the reaction, and was placed in the _ 
furnace, inside an outer protective crucible of cal- 
cium fluoride. The furnace was closed, evacuated, 
and washed out and filled with argon, Then for come 
plete purification of the argon the getter was heated 
by the lower high-frequency circuit. The other cir- 
cuit heated the crucible with its charge. The reac- 
~— ~ tion began after several seconds, when the melting 

temperature of calcium was reached, After being 

continued for about a minute to allow reduction and 
Induction furnace for smelting plutonium. 1) Circuit separation of the metal, the heating was stopped, 
for heating crucible; 2) circuit for heating getter; The excess calcium, mixing with the mass of fluoride 
3) fluoride slag; 4) corrosion zone; 5) button of metal; slag, helped to heat it. If the heating were continued, 
6) reaction crucible; 7) protective crucible; 8) getter there would be a fast reaction with the calcium fluo- 
(Ti—Zr chips); 9) quartz support; 10) quartz ube, ride crucible and it would melt. After cooling,the 

f crutible was broken and the button of metal was re- 

moved from under the slag. 


! Despite the fact that the heat of reaction was considerably less than in the reduction of PuF,, the reaction 
went through quite satisfactorily; the yield of metal was 85-90%, 
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